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Primary progressive aphasia (PPA) is a neurodegenerative disorder affecting 
speech and language, which presents as three clinical variants: nonfluent PPA (nfvPPA), 
logopenic PPA (lvPPA), and semantic PPA (svPPA). PPA selectively targets dorsal left 
hemisphere regions involved in articulatory and phonological processing in nfvPPA and 
lvPPA and ventral lexical-semantic regions in svPPA. The aim of the current study was 
to investigate alterations in resting-state functional connectivity (RSFC) within key areas 
of dorsal and ventral language pathways in PPA relative to controls. We addressed this 
aim using a region of interest seed-based approach, with left hemisphere seeds located in: 
(1) the inferior frontal gyrus (IFG), (2) an area within the posterior Sylvian fissure at the 
temporo-parietal junction (SPT), and (3) the anterior temporal lobe (ATL). Participants 
included 22 patients with lvPPA, 32 patients with nfvPPA, 25 patients with svPPA and 
 vii 
39 healthy controls. Voxel-based morphometry (VBM) analysis was performed in order 
to identify areas of significant regional atrophy in patients. Subsequently, functional 
language networks were defined in healthy controls and in each patient group, and 
significant group differences in resting-state functional connectivity were determined 
after correction for gray matter volume. Results revealed reductions in connectivity 
among all patient groups for all seeded networks. Different patterns of RSFC alteration 
were also seen within each patient group. These findings provide evidence of selective 
functional and structural alterations in each of the clinical variants of PPA.  
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Primary progressive aphasia (PPA) is a neurodegenerative disorder characterized 
by a slow decline in speech-language abilities in the relative absence of other cognitive or 
behavioral impairment (Gorno-Tempini, et al., 2004, 2011). The brain undergoes 
relatively focal atrophy in key areas of the primarily left-lateralized language system, 
disrupting phonological, semantic, syntactic, and motoric speech and language networks. 
Three variants of PPA exist: non-fluent variant PPA (nfvPPA), logopenic variant PPA 
(lvPPA), and semantic variant PPA (svPPA), as determined by speech and language 
characteristics. Patients with nfvPPA demonstrate speech production impairment related 
to agrammatism and apraxia of speech. Atrophy is predominantly in the left inferior 
frontal, insular, and premotor cortex (Gorno-Tempini et al., 2004; Rohrer et al., 2009; 
Wilson, Galantucci, Tartaglia, & Gorno-Tempini, 2012). Other areas in the frontal lobe, 
as well as the temporal lobe, anterior parietal lobe, and caudate nucleus, may be affected 
as the disease progresses (Roglaski et al., 2011). Those with lvPPA demonstrate poor 
repetition of sentences, phonemic paraphasias, and anomia with preserved word 
comprehension (Gorno-Tempini et al., 2004, 2011). Atrophy is typically observed in 
perisylvian regions thought to support phonological processing, including the left 
posterior temporal and inferior parietal lobes, sometimes spreading into the posterior 
frontal lobe (Lehmann et al., 2013; Tomasi & Volkow, 2012). Pathologically, lvPPA is a 
subtype of Alzheimer’s disease. As such, it may ultimately present with 
similar/overlapping features but is classified based on early and primary deficits of 
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language. Unlike lvPPA, semantic variant PPA is characterized by a progressive 
deterioration of conceptual knowledge, and patients present with fluent but anomic 
spontaneous speech (Gorno-Tempini et al., 2011; Hodges & Patterson, 2007). Phonology 
in svPPA is relatively spared, and syntax, prosody, and articulation remain intact (Gorno-
Tempini et al., 2011). Atrophy is typically seen bilaterally in the ventral and lateral 
portions of the anterior temporal lobe (Hodges & Patterson, 2007; Mummery et al., 
2000), regions thought to be “hubs” for semantic processing (Guo et al., 2013; Hurley, 
Bonakdarpour, Wang & Mesulam, 2015). Both semantic variant PPA and nfvPPA are 
considered to be types of frontotemporal dementia (FTD), differentially diagnosed 
relative to the behavioral variant of FTD by a lack of behavioral abnormalities and 
primary impairment of speech and language only. 
1.1. DORSAL AND VENTRAL LANGUAGE STREAMS 
Current models of the cognitive neuroanatomy of language propose two pathways 
by which speech and language are processed in the brain: a dorsal articulatory-
phonological pathway and a ventral lexical-semantic pathway (Hickok & Poeppel, 2004: 
Hickok, 2012, 2014; Saur et al., 2008; Ueno, Saito, Rogers, & Lambon Ralph, 2011). The 
dorsal articulatory-phonological pathway, involving left temporoparietal and frontal 
perisylvian structures, is thought to be involved in mapping sound and phonological 
representations to articulatory representations. The ventral lexical-semantic pathway, 
involving the left middle and inferior temporal lobes, maps sound to meaning (Henry et 
al., 2016; Hickok, 2014). Within this model, a region within the Sylvian fissure at the 
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parietal-temporal boundary (area SPT) interfaces with both the ventral and dorsal 
language streams as a sensorimotor interface (Hickok, Okada, & Serences, 2009; 
Rauschecker & Scott, 2009). The Hickok dorsal-ventral model of speech and language 
processing does not address phonological short-term memory or manipulation, per se; 
however, cooperative and interactive participation of dorsal left frontal and 
temporoparietal regions is hypothesized for manipulation and maintenance of 
phonological information (Henry et al., 2016). Functional neuroimaging research and 
lesion studies support this model of integrated dorsal fronto-parietal and ventral temporo-
parietal language function (Buhsbaum & D’Esposito, 2008; Champod & Petrides, 2010; 
Kümmerer et al., 2013; Peschke, Ziegler, Eisenberger, & Baumgaertner, 2012; 
Rauschecker & Scott, 2009; Vigneau et al., 2006). Behavioral deficits for nfvPPA/lvPPA 
and svPPA coincide with proposed dorsal articulatory-phonological and ventral semantic 
language pathway functions, respectively (Gorno-Tempini et al., 2011). Given that peak 
atrophy regions for nfvPPA, lvPPA and svPPA overlap with key nodes within dorsal and 
ventral language streams, i.e. inferior frontal gyrus (IFG), area SPT, and the anterior 
temporal lobe (ATL), respectively, the dorsal-ventral model for speech and language 
processing becomes especially salient for understanding selective language breakdown 
within PPA. PPA is understood to be a disorder of network-based degeneration (Seeley, 
Crawford, Zhou, Miller, & Greiciuss, 2009). The neuroanatomy of the disease is not 
dictated by vascular factors (as in aphasia caused by stroke), but by connectivity 
underlying specific speech-language networks (Seeley et al., 2009). As such, PPA offers 
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a unique vantage from which to explore language function and selective decline within a 
dual-route language perspective. 
1.2. NEUROIMAGING IN PPA  
The close relationship between atrophy and speech and language deficits makes 
neuroimaging a valuable tool for understanding the neural bases of communication and 
clinical progression of speech-language deficits in patients. A variety of neuroimaging 
techniques have emerged in recent years to capture network degeneration of gray matter 
and white matter on a structural level, such as voxel-based morphometry (VBM; Gorno-
Tempini et al., 2004; Mummery et al., 2000; Peelle et al., 2008; Sonty et al., 2003) and 
diffusion tensor imaging (DTI; Acosta-Cabronero et al., 2011; Galantucci et al; Mahoney 
et al., 2013; Schwindt et al., 2013). Neuroimaging techniques have also emerged to 
measure changes in functional network organization and connectivity within the brain. 
Resting-state functional connectivity (RSFC) magnetic resonance imaging is an imaging 
technique that captures and maps the functional connectivity of intrinsic networks within 
the brain, making it an ideal technique for studying PPA, as widespread degeneration of 
the language network is seen in PPA patients over time (Seeley et al., 2009).  
Resting-state fMRI is a task-free imaging method that measures spontaneous low 
frequency (<0.08-0.1 Hz) fluctuations in the blood oxygen level dependent (BOLD) 
signal during rest (Pievani, de Haan, Wu, Seeley, & Frisoni, 2011). The BOLD signal 
relies on changes in the ratio between oxyhemoglobin and deoxyhemoglobin after 
neuronal activity to provide an indirect measure of neuronal function on a timescale of 
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seconds. The functional marker of BOLD signal temporal correlations between spatially 
distinct regions is referred to as functional connectivity and represents an marker of 
spontaneous activity within spatially distinct, but functionally related, cortical regions 
(Beckmann, DeLuca, Devlin, & Smith, 2005).  
Several methods have emerged for analyzing RSFC data, including independent 
component analysis (ICA), graph theory seed-based analysis, magnetoencephalographic 
imaging (MEGI) and region-of-interest (ROI) seed-based analysis. ICA and graph theory 
are mathematically derived and rely on statistical and small world topology to draw 
conclusions about intrinsic connectivity. ICA identifies statistically independent 
components of the brain’s temporal BOLD signal and uses resulting components to 
isolate spatially distinct resting-state networks (Lee, Smyser, & Shimony, 2013; Rosazza, 
Minati, Ghielmetti, Mandelli, & Bruzzone, 2012). Graph theory, in contrast, views 
correlations between voxels as a collection of graphical nodes connected by edges. Such 
a model allows the computation of connectional characteristics of the network such as 
characteristic path length, clustering coefficients, and measures of global connectedness. 
Unlike an ICA or graph theory approach, MEGI records fluctuations in RSFC of alpha-
band activity and applies source reconstruction algorithms to overlay cortical oscillatory 
activity onto structural brain images, thereby performing an unbiased search for resting-
state networks (Ranasinghe et al., 2014). Finally, ROI seed-based analysis of RSFC data 
correlates the average BOLD time course of voxels within specific regions of interest in 
the brain (seed ROIs) to the time courses of all other voxels in a second ROI or the entire 
brain. Seed-based approaches rely on selection of ROIs a priori, creating small statistical 
 6 
bias in the connectivity found between areas of the brain; however, seed-based 
approaches have been proven to be relatively robust and produce comparable results to 
methods such as ICA, making them an ideal candidate for examining connectivity of 
already established areas of function, such as in the language network (Lee et al., 2013).  
1.3. NETWORK CHARACTERISTICS OF PPA 
Alterations in RSFC within a variety of networks have been identified in PPA, 
including the learning and memory networks (La Joie et al., 2014; Ranasinghe et al., 
2014; Whitwell et al., 2015), salience network (Day et al., 2013; Farb et al., 2013; 
Lehmann et al., 2013; Zhou et al., 2010), default mode network (Lehmann et al., 2013, 
2015; Seeley et al., 2009; Zhou, et al., 2010), language networks (Agosta et al., 2013; 
Guo et al., 2013; Lehmann et al., 2013, 2015; Ranasinghe et al., 2014; Seeley et al., 2009; 
Whitwell et al., 2015; Zhou, Gennatas, Kramer, Miller, & Seeley, 2012), visuospatial 
networks (Agosta et al., 2013; Lehmann et al., 2015; Ranasinghe et al., 2014), and 
executive-control networks (Farb et al., 2013; Lehmann et al., 2013, 2015; Ranasinghe et 
al., 2014). Although PPA is exclusively defined by degeneration of language, 
surprisingly little research exists on alterations in RSFC for the language networks within 
PPA patients. Of the existing literature, even fewer studies analyze resting-state network 
changes by variant. To the author’s knowledge, at this date no study exists that compares 
the resting-state functional connectivity of language networks in and between lvPPA, 
nfvPPA, and svPPA relative to healthy controls. Such a comparison can provide unique 
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and valuable clinical insight for differential diagnosis of PPA and potentially serve as a 
predictive marker for responsiveness to behavioral treatment.  
1.4. ALTERATIONS IN NFVPPA RESTING-STATE FUNCTIONAL CONNECTIVITY  
Of all three variants of PPA, nfvPPA has the least research on RSFC patterns 
within the language network. In a study designed to assess alterations in connectivity 
between presymptomatic and symptomatic carriers of the genetic Granulin Thr272fs 
(GRN+) mutation for frontotemporal dementia (FTD), Premi et al. (2014) demonstrated 
asymmetric fronto-parieto-temporal connectivity in a mixed group of nfvPPA, behavioral 
variant FTD (bvFTD), and asymptomatic carriers of the GRN+ mutated gene (all in one 
group; FTD-GRN+) compared to healthy controls. FTD-GRN+ participants showed a 
reduced regional homogeneity index (e.g. degree of regional fMRI time course 
synchronization) bilaterally in the inferior parietal and frontal lobes, including the left 
IFG, as well as in the left posterior cingulate cortex. An increase in frontal functional 
connectivity for FTD-GRN+ was observed, along with recruitment of the cerebellar 
lobes. Such data could suggest reduced efficiency in the inferior frontal lobes as a result 
of poor synchronization or general misfiring. As asymptomatic carriers of the GRN+ 
gene were included in the FTD-GRN+ group, it is unclear to what extent results 
accurately reflect alterations in brain connectivity by subgroup (e.g. for nfvPPA).  
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1.5. ALTERATIONS IN AD AND LVPPA RESTING-STATE FUNCTIONAL CONNECTIVITY 
Several researchers have investigated the language networks using RSFC analysis 
in Alzheimer’s disease (AD) patients. Lehmann et al., (2013) conducted an ROI seed-
based analysis in healthy controls using coordinates garnered from atrophy peaks in 
early-onset AD (EOAD), lvPPA, and posterior cortical atrophy (PCA) patients. Seeds 
utilized included those within shared areas of atrophy and within non-overlapping areas 
of atrophy for all AD variants. Resulting RSFC maps produced from each variant’s 
distinct ROI mirrored the networks associated with the predominant cognitive deficit 
seen in each syndrome. Specifically, within healthy controls, the EOAD ROI-seeded 
RSFC map had the strongest goodness-of-fit (GOF) with the salience/executive control 
networks, while the lvPPA ROI-seeded RSFC map most closely matched a language 
network template and PCA ROI-seeded RSFC map most closely fit the higher visual 
network.1 Lehmann and colleagues expanded this work in 2015 to include both controls 
and patients (EOAD, lvPPA, and PCA) in a ROI seed-based RSFC analysis. ROI seeds 
were explicitely defined from coordinates representing areas of maximum atrophy in 
each patient population. Connectivity for lvPPA and EOAD was particularly reduced in 
the anterior regions of the parietal lobe, whereas connectivity in the prefrontal cortex of 
the anterior default mode network was higher in lvPPA and PCA compared to controls 
and EOAD. Using GOF analyses, resulting networks were then compared to default 
mode, executive-control, language, and higher visual network templates. Consistent with 
                                                
1 Network templates utilized in the goodness-of-fit analyses for the executive control, salience, default 
mode, language and higher visual function networks were not explicitely defined in either Lehmann et al., 
2013 or 2015.  
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predictions based on the previous study, EOAD, lvPPA, and PCA groups had reductions 
in the RSFC anterior left and right executive-control network, language network, and 
higher visual network; however, differences between network connectivity scores were 
not significant between variant AD groups, suggesting that changes across AD clinical 
presentations may be a spectrum.  
Similar to the Lehmann studies, but using ICA, Whitwell et al., (2015) found 
lower connectivity in the left temporal language network and inferior parietal and 
prefrontal regions of the left working memory network in Alzheimer’s disease patients 
compared to controls.2 Patterns of network dysfunction differed across groups, with 
lvPPA demonstrating significant disruptions in the language and left working memory 
networks as compared to controls. Such disruptions correlated with behavioral data in 
lvPPA, including poor performance on naming and letter fluency task as well as sentence 
repetition and increased prevalence of phonemic paraphasias.   
Ranasinghe et al., (2014) utilized MEGI to identify regional resting-state 
networks in AD and correlate results to disease severity and cognitive performance in 
EOAD (amnestic/dysexecutive), lvPPA, PCA, and mild cognitive impairment (MCI). 
lvPPA patients scored low in lexical fluency and presented with reduced functional 
connectivity in the left dorsolateral prefrontal cortex. PCA patients, in contrast, generally 
scored high on lexical fluency with increased functional connectivity in the region. 
Interestingly, Ranasinghe et al. found reduced neural connectivity of the right posterior 
                                                
2 The language, left and right working memory and ventral default mode networks were initially defined 
using ICA in a separate cohort of healthy controls. They were assigned a network name per a functional 
meta-analysis by Jones et al., 2012. 
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perisylvian region and left middle frontal cortex in all AD population groups, which 
correlated with the overall degree of disease severity. Both Ranasinghe et al. and 
Whitwell et al. confirmed Lehmann’s original findings, which demonstrated decreased 
functional connectivity in the left dorsolateral prefrontal cortex. However, Whitwell et al. 
and Lehmann et al. showed additional reductions in connectivity within the left 
perisylvian region. More research is needed to determine whether reductions in functional 
connectivity for lvPPA are greatest in the left dorsolateral prefrontal cortex or perisylvian 
region, where atrophy is frequently greatest.  
1.6. ALTERATIONS IN SVPPA RESTING-STATE CONNECTIVITY 
As svPPA is considered a form of FTD, most research on resting-state functional 
connectivity in svPPA is conducted within the context of FTD. Current svPPA resting-
state research focuses on the salience network, default mode network, and executive-
control network (Farb et al., 2013; Filippi et al., 2012; Irish, Hodges, & Piguet, 2013; 
Rohrer et al., 2013; Whitwell et al., 2011b; Zhou et al., 2010). Relative to language, 
fewer studies exist; however, recent studies have began to examine the effects of svPPA 
on RSFC within the language network. In 2013, Guo et al. compared patterns of 
functional connectivity based on bilateral anterior temporal lobe seeds between svPPA 
patients and healthy controls. Resting-state connectivity of the ATL with numerous 
modality-selective regions was reduced in svPPA relative to healthy controls. 
Specifically, the ATL had altered connectivity to primary sensory and motor regions, 
modality-selective and heteromodal association cortices, as well as subcortical regions. 
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Alterations in connectivity correlated with scores on semantic tasks in svPPA patients. 
The authors interpreted robust intrinsic connections between the ATLs and a host of 
primary and modality-selective upstream regions as support for the claim that the ATL 
serves as a semantic “hub” within an integrated semantic network (Gou et al., 2013; 
Patterson, Nestor, & Rogers, 2007).  
Agosta et al., (2013) further examined connectivity of the language network in 
svPPA using graph theory analysis to isolate nodal vulnerabilities of functional networks 
in svPPA versus healthy controls. The svPPA group demonstrated sparing of the parietal 
network nodes, but a significantly reduced number of graphical nodes in the left and right 
temporal lobes and the occipital lobe. Interestingly, the left ITG was identified as a hub in 
controls, but not svPPA, and no occipital hubs were identified in svPPA. Hubs indicate 
areas of high information exchange. Global efficiency, characteristic path length, and 
assortativity (i.e. high degree nodes are connected to other high degree nodes, and low 
degree nodes connected to low degree nodes) were all found to be poorer in svPPA as 
compared to controls. Results suggest a loss of efficiency in information exchange 
between local and distant regions. In contrast, the superior temporal gyrus, middle frontal 
gyrus and thalamus bilaterally, right inferior frontal gyrus, and left precentral gyrus and 
supplementary motor area were hubs in svPPA only, and may represent compensatory 
areas of activation. Decreased temporal and occipital connectivity are consistent with 
results from Guo et al., (2013), as behavioral deficits such as visual feature and object 
knowledge loss are frequently seen in svPPA. Such behavioral characteristics may 
possibly be a result of reduced occipital and temporal connectivity.  
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Although not directly examining RSFC within patients, in a unique study 
encompassing all three subtypes of PPA, as well as bvFTD and corticobasal syndrome 
(CBS), Seeley et al., (2009) utilized coordinates of peak atrophy within each patient 
group as a seed for an ICA-based RSFC analysis in healthy controls and compared it to 
gray matter covariance patterns using the same seed. Resulting RSFC networks were then 
matched via goodness-of-fit analysis to source atrophy maps in order to identify which 
networks were targeted by each neurodegenerative disease. Results showed distributed 
dissociable network maps in healthy controls for seeds from bvFTD, svPPA, AD 
(including lvPPA), CBS, and nfvPPA, with converging structural covariance for each 
respective seed. Furthermore, RSFC networks within healthy controls seeded from areas 
of patient atrophy mirrored the actual atrophy patterns seen in patient groups, 
demonstrating that specific RSFC networks are targeted by neurodegenerative diseases in 
patterns similar to both the intrinsic structural covariance and gray matter loss. Seeley 
interpreted these findings as evidence for the “network degeneration hypothesis,” 
namely: networks and gray matter volumes uniquely codegenerate according to disease-
specific patterns predicted by the convergence of structural atrophy and functional 
connectivity.  
Zhou et al., expanded on Seeley’s results in 2012, and used graph theory to 
analyze how network connectivity in healthy controls can predict network vulnerability 
in neurodegenerative disease groups (svPPA, nfvPPA, AD, CBS, and bvFTD) on a 
region-by-region basis. Graph theory metrics that were examined included total flow, 
shortest functional path to epicenters, and clustering coefficients. These metrics were 
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used to evaluate four major mechanistic models for connectivity-related predictions: the 
nodal stress model, transneuronal spread hypothesis, trophic failure model, and shared 
vulnerability model. Network vulnerability was best predicted by greater total 
connectional flow through disease epicenter nodes, with the shortest functional path to 
the epicenters accounting for more atrophy variance within AD and svPPA patterns. The 
epicenter identified for AD was in the angular gyrus, while epicenters for disease in 
svPPA and nfvPPA were in the ATL and IFG, respectively. NfvPPA also had epicenters 
in striatal and thalamic sites with robust operculofrontal connections. Patient groups 
demonstrated divergent nodal disease profiles and network graphs, with the most 
divergent network profiles seen in AD and bvFTD. Furthermore, across all five diseases, 
network nodes subject to greater intranetwork total connectional flow were found to 
undergo greater atrophy, further supporting the transneuronal spread hypothesis.  
Although Seeley et al. and Zhou et al. both examined RSFC patterns of the 
language network based on atrophy in PPA patient populations, data were analyzed only 
in healthy controls. Furthermore, lvPPA patients were not examined as a separate subset, 
but instead were grouped with AD patients. Both papers utilized methods that failed to 
directly compute and compare resting-state data within PPA groups themselves. As such, 
it is unknown to what extent such networks are altered in PPA as compared to controls, 
and further, how such alterations affect language behavior. The current study used an 
ROI seed-based approach to examine alterations in language network resting-state 
connectivity in lvPPA, svPPA, and nfvPPA as compared to controls, representing an 
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integral first step toward understanding the relationship between network dysfunction and 
language decline in primary progressive aphasia.  
Our predictions were as follows:  
(1) Extent and Site of Atrophy: On the basis of cortical thickness mapping and 
voxel-based morphometry (VBM) studies, we predicted that the nfvPPA 
group would have atrophy primarily in the dorsal articulatory-
phonological language pathway, specifically within the insula, prefrontal 
cortex and motor strip (Gorno-Tempini et al., 2004; Rohrer et al., 2009; 
Wilson et al., 2012). Consistent with more recent literature on gray matter 
loss in lvPPA, we predicted that lvPPA would have atrophy in the 
temporoparietal perisylvian region, extending into both dorsal and ventral 
language pathways (Lehmann et al., 2013; Tomasi & Volkow, 2012). 
Finally, we predicted left-dominant bilateral temporal atrophy within the 
ventral lexical-semantic pathway for svPPA, consistent previous VBM 
studies (Hodges & Patterson, 2007; Mummery et al., 2000).  
(2) Extent of RSFC Networks: Although RSFC in specific, key areas of the 
language network has not been investigated for all PPA variants, the 
literature demonstrates general group-level reductions in RSFC, as 
compared to controls (Agosta et al., 2013; Guo et al., 2013; Lehmann et 
al., 2015; Ranasinghe et al., 2014; Whitwell et al., 2015). We 
hypothesized that functional connectivity networks derived from IFG, SPT 
and ATL seeds would be less extensive in patients relative to controls and 
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demonstrate unique patterns of network-wide dysfunction, consistent with 
Guo et al., (2013), Lehmann et al., (2015), and Seeley et al., (2009). 
(3) Alterations in RSFC Relative to Controls: We hypothesized that the 
nfvPPA group would have widespread disturbance in dorsally seeded 
articulatory-phonological networks (IFG and SPT seeds), which are 
critical for effective motor-speech and syntax. Although the current 
literature does not provide substantial insight into the specific nature of 
RSFC alterations within nfvPPA, such a prediction is consistent with 
corresponding behavioral language deficits seen in nfvPPA (Gorno-
Tempini et al., 2011). In contrast, we hypothesized that lvPPA would 
show prominent left hemisphere disruption in networks derived from 
dorsal (e.g. SPT and IFG) seeds, with reduced but less impaired RSFC 
within the ventrally seeded (ATL) networks, similar to Ranasinghe et al., 
(2014), Whitwell et al., (2015) and Lehmann et al., (2015). Finally, for 
svPPA, we predicted widespread RSFC disruptions primarily in the 
ventrally seeded semantic network (ATL seed), with relatively intact 
dorsal articulatory-phonological seeded networks (e.g. IFG and SPT). 
Such a prediction is consistent with graph theory results from Agosta et 
al., (2013), demonstrating reduced graph theory nodes within bilateral 
temporal and occipital lobes but spared parietal regions, as well as 
behavioral data demonstrating impaired semantic processing but relatively 
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spared phonological and motor speech abilities in svPPA (Gorno-Tempini 





Participants in each patient group were selected from the University of California, 
San Francisco (UCSF) Memory and Aging Center database. 22 patients with lvPPA, 32 
patients with nfvPPA, 25 patients with svPPA, and 39 age-matched healthy controls were 
selected. As part of their participation in a large study of focal dementias at UCSF, 
individuals in the patient subgroups underwent a complete clinical history, neurological 
examination, and a speech, language, and neuropsychological assessment, as previously 
described (Mandelli et al., in press; Rosen et al., 2002). Patients met current criteria for 
PPA diagnosis by variant, as agreed upon by a multidisciplinary team (Gorno Tempini et 
al., 2011; Mandelli et al., in press; Seeley et al., 2009). Informed consent was obtained 
from all participants or their assigned surrogate. Control participants were required to 
have a Clinical Dementia Rating Scale total score of 0 (CDR; Morris, 1993), a Mini-
Mental State Examination score of 28 or higher (MMSE; Folstein M., Folstein S., & 
McHugh P., 1993), no significant history of neurological disease, and no evidence of 
conversion to a dementia syndrome at follow-up (when available). The study was 
approved by the institutional review boards at UCSF and University of Texas at Austin 




Table 1: Participant Age, Sex, Handedness and Mini Mental State Exam Score by Group  




Mini Mental State 
Exam** (30) 
Healthy controls (n=39) 69.67 (5.02) 16:23 7:32:0 29.66 (0.64) 
nfvPPA (n=32) 67.38 (7.18) a 14:18 4:27:0 26.07 (4.30) a 
lvPPA (n=22) 64.18 (8.31) a 9:13 6:14:1 18.81 (7.95) a,b,d 
svPPA (n=25) 62.44 (5.88) a,b 13:12 1:23:1 23.88 (6.08) a 
Means and standard deviations given for Age and Mini Mental State Exam (MMSE); 
M=male; F=female; L=left, R=right, A=ambidextrous; *indicates missing handedness 
data (1 nfvPPA, 1 lvPPA); **indicates missing MMSE data (4 controls, 2 nfvPPA, 1 
lvPPA); a = significantly reduced relative to controls, b = significantly reduced relative to 
nfvPPA; c = significantly reduced relative to lvPPA; d = significantly reduced relative to 
svPPA (p<0.05).  
2.2. SCAN ACQUISITION  
Structural T1 and functional resting-state images were acquired for all participants 
at the Neuroscience Imaging Center, at UCSF, as part of a large imaging and behavioral 
study of PPA/FTD on a 3T Siemens magnetic resonance imaging (MRI) scanner 
equipped with an eight-channel head coil.  
A volumetric magnetization prepared rapid gradient echo (MPRAGE) MRI 
sequence was used to obtain a T1-weighted image of the entire brain in sagittal slices 
(160 sagittal slices; slice thickness=1 mm; field of view=256 mm2; matrix 256X240; 
voxel size 1.0X1.0X1.0 mm3; repetition time=2300 ms; echo time=2.98 ms; inversion 
time=900 ms; flip angle=9°). Resting-state fMRI (rsfMRI) sequences were acquired in 
the same session on the 3T scanner using 240 T2*-weighted echo-planar volumes with 36 
anterior and posterior commissure-aligned axial slices in an interleaved order (slice 
thickness=3 mm with a 0.6 mm gap; field of view=230X230 mm2; matrix size=92X92; 
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TR=2000 ms; TE=27 ms; flip angle=80°). Participants were instructed to rest with their 
eyes closed for the duration of the scan.  
2.3. OVERVIEW 
The aim of the current study was to investigate alterations in RSFC within key 
areas of the dorsal and ventral language streams in PPA relative to controls. To do so we 
implemented the following steps: 
Step 1: Preprocess structural T1 and RSFC scans  
Preprocessing was completed using Statistical Parametric Mapping (SPM) version 
8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/), FSL version 5 
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/), AFNI (http://afni.nimh.nih.gov/afni/), Numpy in 
Python 2.7.3., and a UCSF-developed RSFC imaging toolbox (Mandelli et al., in press).  
Step 2: Selection of language network seeds 
Seeds within the dorsal and ventral language streams were selected based on 
converging evidence from functional imaging studies of language processing in healthy 
controls and peak atrophy regions in each variant of PPA (see details below). Two seeds 
from the dorsal language stream in the inferior frontal gyrus (IFG) and posterior 
perisylvian region at the parietal-temporal boundary (area SPT) were chosen, 
representing dorsal stream nodes and atrophy peaks in nfvPPA and lvPPA respectively. 
The IFG is heavily implicated in syntax and articulatory-phonological processing, while 
area SPT is thought to be a sensorimotor interface for phonological representations of 
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speech (Henry et al., 2016; Hickok, 2012, 2014; Rauschecker & Scott, 2009). One seed 
within the ventral lexical-semantic stream was chosen in the anterior temporal lobe 
(ATL), representing a key region for semantics in the language network, as well as a 
constistently atrophic area in svPPA (Binder, Desai, Graves & Conant, 2009; Gorno-
Tempini et al., 2011). 
Step 3: Identify regions of significant atrophy in PPA patient groups 
We computed voxel-wise gray matter loss in patients relative to healthy controls 
using a voxel-based morphometry toolkit (VBM8) within SPM (http://www.neuro.uni-
jena.de/vbm/) to identify areas of significant gray matter atrophy.  
Step 4: Delineate resting-state functional connectivity maps for seeds in each group 
Anterior temporal lobe (ATL), inferior frontal gyrus (IFG), and temporoparietal 
(SPT) coordinates were used as the centers of spherical seed ROIs (4mm radius) to define 
functional language networks in healthy controls, lvPPA, nfvPPA, and svPPA, 
respectively (see Figure 1).  
Step 5: Determine significant group differences in resting-state functional connectivity  
We compared patient seed maps to control maps while controlling for gray matter 
volume using analysis of covariance (ANCOVA) implemented in the Biological 
Parametric Mapping (BPM) toolbox (http://www.nitrc.org/projects/rbpm) for SPM. 
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2.4. DETAILED PROCEDURES 
2.4.1. Step 1— Preprocess structural T1 and resting-state images  
Structural T1 scans were segmented into gray matter, white matter, and 
cerebrospinal fluid using VBM for SPM within Matlab version 2010 (The MathWorks, 
Inc.), according to previously documented procedures (Henry et al., 2016). RSFC scans 
were preprocessed using a UCSF RSFC toolbox, as described in Mandelli et al., in press. 
T1 structural images were segmented and bias-corrected, then registered to Montreal 
Neurological Institute (MNI) space through an affine and a non-linear deformation. The 
non-linear deformation parameters were calculated with the high dimensional 
diffeomorphic anatomical registration through exponentiated lie (DARTEL) algorithm 
and the predefined templates within the SPM DARTEL toolbox (Ashburner, 2007). The 
VBM analysis was conducted using modulated grey matter images, with voxel values 
multiplied by Jacobian determinants derived from the spatial normalization in order to 
preserve the total amount of grey matter from the original images. Modulated images 
were smoothed with a Gaussian kernel (8 mm FWHM). 
After discarding the first 8 volumes of each run, RSFC images were slice time 
corrected, spatially realigned, and skull-stripped. Subsequently, the mean functional 
image was coregistered with the T1-weighted, skull-stripped structural image, normalized 
and smoothed with a 6 mm full-width at half-maximum Gaussian kernel. The above pre-
processing steps were performed in each participant’s native space. Normalization was 
then completed by computing transformation parameters between the participant’s T1 
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structural image and the MNI T1-weighted image template and applying the 
transformation to the functional resting-state scan. Next, CSF, white matter volumes, and 
the 6 motion parameters were estimated. The signal was band-pass filtered (0.008 Hz < f 
< 0.15 Hz) and nuisance variables, including the 6 motion parameters, CSF, and WM 
time-series, as well as the first derivative and quadratic terms, were regressed out from 
the data (Satterthwaite et al., 2013). The spectral filtering and nuisance regression was 
completed as a single step per suggestions by Hallquist, Hwang, & Luna, (2013).  
Particular care was taken to check the quality of the RSFC scans to minimize the 
impact of head motion and scanning artifacts. All scans were visually inspected for 
artifacts, field inhomogeneity, incomplete skull stripping, and proper normalization. 
Scans with translational motion greater than 2 mm were discarded (n=11). For these 
participants, an additional database query was conducted to determine whether a second 
scan of adequate quality was available from a later time point in the longitudinal UCSF 
study. An acceptable alternate scan was available for a subset of participants (n=5). 
Subjects with translational motion between 1-2 mm, such that more than 10% of total 
time points for translational motion were greater than 1 mm, were also excluded (n=1), 
and a second time point included in the data set. No subjects had strong periodic 
movement; however, excessive rotational periodic movement (defined as ~0.5-1 mm 
rotation in a periodic fashion) was considered criterion for exclusion. Five subjects were 
excluded because of a revised PPA diagnosis since the collection of the original scan, and 
one subject was excluded because of poor image quality.  
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2.4.2. Step 2— Seed selection 
We selected seeds for analysis within the dorsal and ventral language pathways 
that have converging evidence from structural analyses of atrophy in patients with 
language network dysfunction, as well as from functional neuroimaging of phonological-
articulatory and lexical-semantic tasks in healthy participants (Figure 1). It is well 
documented that atrophy peaks are consistently observed in the left inferior frontal lobe, 
temporoparietal junction, and anterior temporal lobe in nfvPPA, lvPPA and svPPA 
patients, respectively (Gorno-Tempini et al., 2011). We chose seeds for ROIs in the IFG, 
area SPT and ATL that are also documented nodes of critical language networks for 
syntax, phonology and semantics and which overlapped with atrophy peaks in nfvPPA, 
lvPPA, and svPPA.  
Figure 1: Regions of Interest for RSFC Analysis 
 
Spherical ROIs of 4 mm radius were located at MNI = (-40, 21, 20) for the IFG seed 
(shown in green), (-54, -39, 15) for area SPT seed (red) and (-51, 6, -39) for the ATL 
seed (blue).   
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2.4.2.1. Inferior frontal gyrus (IFG) seed 
For nfvPPA, we chose coordinates from a cluster in the left dorsal posterior IFG  
(peak at MNI = -40, 21, 20) that was identified by Wilson et al., (2012) as a region 
modulated by syntactic complexity in healthy controls (but not nfvPPA) and also 
identified as atrophic in their nfvPPA patient group (Figure 1). Beyond that study, this 
area has converging evidence showing functional activation in healthy participants during 
syntactic processing and is also an area of peak atrophy in patients with 
nonfluent/agrammatic PPA (Gorno-Tempini et al., 2004; Liakakis, Nickel, & Seitz, 2011; 
Wilson et al., 2012).  
2.4.2.2. Temporoparietal seed (area SPT) 
For lvPPA, we chose a seed within the posterior Sylvian junction of the 
temporoparietal region (area SPT; Figure 1). This area is functionally implicated in core 
phonological tasks involving automated transfer of auditory representations into 
articulatory output; it is also a well-known area of peak atrophy in lvPPA (Buchsbaum & 
D’Esposito, 2008; Gorno-Tempini et al., 2011; Madhavan et al., 2013; Rohrer et al., 
2013). Area SPT is implicated in auditory-motor integration for speech (as required for 
repetition) and is considered to be critically involved in phonological processing, a core 
deficit in lvPPA (Buchsbaum & D’Esposito, 2008; Gorno-Tempini et al., 2011; Henry & 
Gorno-Tempini, 2010; Hickok & Poeppel, 2007; Okada & Hickok, 2006; Peschke et al., 
2012). We utilized an ROI for area SPT identified by Peschke et al., (2012) and defined 
by the average of MNI coordinates derived from nine previous studies, as area SPT is 
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functionally-derived and varies among individuals (Buchsbaum et al., 2005b, 2011; 
Buchsbaum, Olsen, Koch, & Berman, 2005a; Callan et al., 2006; Hickok, Buchsbaum, 
Humphries, Muftuler, 2003; Okada & Hickok, 2006; Okada, Smith, Humphries, & 
Hickok, 2003; Pa and Hickok, 2008; Wilson and Iacoboni, 2006). These averages yielded 
the coordinates MNI = -54, -39, 15, which we used as the center of a 4 mm spherical 
ROI.  
2.4.2.3. Anterior temporal lobe (ATL) seed 
For svPPA, we chose the coordinate MNI=-51, 6, -39 within the ATL as the 
center for a spherical 4 mm ROI (Figure 1). This was the peak of a cluster that was 
identified by Binney et al., (2010) from fMRI activation during semantic tasks in healthy 
controls; this area was also significantly atrophic in svPPA patients in the same study. Of 
particular note, a related study showed that repetitive transcranial magnetic stimulation 
(rTMS) to the same ATL coordinate in healthy participants resulted in deficits that 
mimicked svPPA semantic deficits. Converging evidence from voxel-based morphometry 
studies showing left lateralized atrophy in the ventral and lateral anterior temporal lobes 
for svPPA, functional imaging activation of the ATL during semantic tasks, and rTMS 
studies inducing semantic deficits via “virtual lesions” in the lateral left ATL support the 
role of the ATL in semantic processing and our choice of this seed for RSFC analysis 
(Campanella, Fabbro, & Urgesi, 2013; Galton et al., 2001; Gorno-Tempini et al., 2004; 
Hurley et al., 2015; Lambon Ralph, Pobric, & Jefferies, 2009; Mummery et al., 2000; 
Patterson et al., 2007; Pobric, Jefferies, & Ralph, 2007).  
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2.4.3. Step 3— Identify regions of atrophy in patient populations 
Voxel-Based Morphometry (VBM): Following segmentation, we identified 
regions of reduced cortical volume using 2-sample t-tests in SPM, with age, sex, and total 
intracranial volume included as nuisance covariates. Analyses were corrected for multiple 
comparisons at the cluster level using family-wise error correction (FWE), p<0.05 and 
displayed with an extent threshold of 50 voxels.  
2.4.4. Step 4— Delineate resting-state functional connectivity for seeds in each group 
Spherical ROIs with 4-mm radius were created for IFG, SPT, and ATL 
coordinates and utilized in a whole-brain regression analysis for each participant. The 
average spontaneous BOLD signal time series from each ROI was correlated as a 
covariate of interest with each voxel’s time series within the brain. Statistical analysis 
was conducted in SPM. A one sample t-test was conducted using the voxel-wise z-scores 
for each participant’s resting-state functional connectivity map (per ROI) to derive group-
level connectivity maps for each group. Results were inclusively masked by the MNI 
template brain. Age, sex, and total intracranial volume were included as covariates of no 
interest. Analyses were corrected for multiple comparisons at the cluster level using a 
threshold of p<0.005, with family-wise error (FWE) correction and extent threshold of 30 
voxels. Group level connectivity maps for each seed were overlaid on maps derived from 
healthy controls and results visualized in XJView toolbox 
(http://www.alivelearn.net/xjview).  
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2.4.5. Step 5— Determine significant group differences in resting-state functional 
connectivity 
To determine RSFC differences between each patient group and controls, we 
utilized the Biologic Parametric Mapping toolbox (BPM; 
http://www.nitrc.org/projects/rbpm) within SPM to estimate significant group differences 
while controlling for gray matter atrophy in patients (Casanova et al., 2007; Smieskova et 
al., 2012). This approach is particularly relevant in PPA, where different cortical regions 
in the brain can have vastly different amounts of degeneration, despite global similarity in 
gray matter volume. For our analysis, a one-way analysis of covariance (ANCOVA) was 
performed, with voxel-wise gray matter volume regressed out as a nuisance covariate, 
similar to methods used previously in FTD (Farb et al., 2013 and Premi et al., 2014). 
Age, sex, and total intracranial volume were included as non-imaging nuisance covariates 
in the ANCOVA model. Group level differences in functional connectivity networks 
between patient groups and controls were then calculated using a statistical threshold of 
p<0.005 (uncorrected) and extent threshold of 30 voxels. Consistent with other studies in 
frontotemporal dementia using a similar statistical approach, we utilized a relatively 
lenient statistical threshold of p<0.005 (uncorrected) in order to maximize visualization 
of between-group differences, while accounting for atrophy (Farb et al., 2013; Premi et 
al., 2014; Seeley et al., 2009). Whole brain p-values were extracted for Appendix tables 




The networks revealed by seed-based analyses in healthy controls were large and 
robust; as such, the results that follow represent a general overview of significant regions 
(see Figure 2). 
Figure 2: IFG, SPT and ATL-seeded RSFC Networks for Healthy Controls 
 
Analyses were corrected for multiple comparisons at the cluster level using family-
wise error correction (FWE), p<0.005, with extent threshold of 30 voxels. 
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3.1.1. IFG-Seeded RSFC  
The left IFG seed correlated with numerous regions within the left hemisphere, 
including and extending beyond the traditional perisylvian speech and language 
networks. Specifically, the seed in IFG was functionally connected with superior, middle, 
and inferior frontal gyri (i.e. SFG, MFG, & IFG), supplementary motor area (SMA), pre- 
and postcentral gyri, superior/inferior parietal lobe, posterior temporal lobe, and occipital 
regions. These regions are known to play a role in speech and language functions, and 
dorsal anatomical structures within these regions are often damaged in nfvPPA 
(Friederici & Gierhan, 2013; Gorno-Tempini, 2011). A similar but less robust network 
was observed in the right hemisphere, encompassing MFG, IFG, pre- and postcentral 
gyri, superior parietal, inferior temporal, and occipital regions. Subcortically, significant 
correlations were observed bilaterally in the left and right caudate and putamen 
(Appendix Table A2).  
3.1.2. SPT-Seeded RSFC  
This seed also correlated with a large, bilateral network including left perisylvian 
speech-language regions and homologous right regions. Specifically, significant 
connectivity was seen bilaterally along the MFG, IFG, STG, MTG, pre- and postcentral 
gyri, temporoparietal cortex, and occipital lobe, as well as the left hippocampus and 
amygdala. Subcortically, the thalamus and putamen showed significant correlations 
bilaterally. The seed in area SPT correlated with frontal regions regions integral to motor 
speech and posterior regions involved in auditory processing, consistent with the role of 
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area SPT as a sensory-motor interface for speech processing (Hickok et al., 2009; Puce et 
al., 1995; Appendix Table A3).  
3.1.3. ATL-Seeded RSFC  
The left ATL seed showed a functional connectivity pattern that differed greatly 
from those observed for IFG/SPT and included several areas integral for semantic 
cognition (Binder et al., 2009). The ATL seed correlated with left temporal, 
temporoparietal, and inferior temporo-occipital cortices, as well as the IFG/orbitofrontal 
cortex. Significant right hemisphere correlations were observed in homologous frontal, 
temporal, and occipital regions (Appendix Table A4). 
3.2. NON-FLUENT VARIANT PPA 
3.2.1. VBM Results 
Consistent with our hypothesis, VBM revealed significant atrophy in nfvPPA 
relative to controls in the left insula, IFG, pre- and postcentral gyri, SMA, and basal 
ganglia (Gorno-Tempini et al., 2004). Right hemisphere areas of significant atrophy were 
less robust and included the MFG, SFG, insula, precentral gyrus, and basal ganglia 





Figure 3: VBM of Brain Atrophy within Three Variants of PPA, as Compared to Controls 
 
Analyses were corrected for multiple comparisons at the cluster level using family-
wise error correction (FWE), p<0.005, with extent threshold of 50 voxels. 
3.2.2. Seed Analyses— IFG Seed  
The IFG-seeded network in nfvPPA significantly overlapped with the healthy 
control map, with less extensive correlation with posterior temporal and parietal regions 
bilaterally. Robust frontal lobe correlations with the IFG seed extended beyond the 
control network into the anterior SFG, suggesting active recruitment of the frontal lobes 
to compensate for reduced temporoparietal connectivity (Appendix Table A6).  
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Direct comparison of IFG-seeded networks between nfvPPA and healthy controls, 
while controlling for gray matter volume, revealed significant reductions in connectivity 
in right orbitofrontal cortex and precuneous (Figure 4; Appendix Table A7). 
Figure 4: IFG-seeded RSFC Networks for nfvPPA and Corresponding Group Differences 
 
(Left) IFG-seeded RSFC networks for nfvPPA (in red-yellow) overlaid on homologous 
networks derived from healthy controls (in blue-green). Analyses were corrected for 
multiple comparisons at the cluster level using family-wise error correction (FWE), 
p<0.005, with extent threshold of 30 voxels. (Right) Statistically significant group level 
differences in IFG-seeded RSFC networks for nfvPPA and controls, with gray matter as 
an imaging covariate. Analyses were calculated using a statistical threshold of p<0.005 
(uncorrected), with an extent threshold of 30 voxels. 
 
3.2.3. Seed Analyses— SPT seed 
RSFC networks from the temporoparietal seed in nfvPPA showed significant 
overlap with healthy control networks in perisylvian regions bilaterally, with less 
extension dorsally and anteriorly into extrasylvian regions (Appendix Table A8).  
A group level statistical comparison between nfvPPA and healthy controls for 
IFG-seeded networks revealed significant reductions in connectivity within bilateral 
cingulate gyrus and caudate, as well as right pre- and postcentral gyri, after correcting for 
the effects of atrophy (Figure 5; Appendix Table A9). 
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Figure 5: SPT-seeded RSFC Networks for nfvPPA and Corresponding Group Differences 
 
 (Left) SPT-seeded RSFC networks for nfvPPA (in red-yellow) overlaid on homologous 
networks derived from healthy controls (in blue-green). Analyses were corrected for 
multiple comparisons at the cluster level using family-wise error correction (FWE), 
p<0.005, with extent threshold of 30 voxels. (Right) Statistically significant group level 
differences in SPT-seeded RSFC networks for nfvPPA and controls, with gray matter as 
an imaging covariate. Analyses were calculated using a statistical threshold of p<0.005 
(uncorrected), with an extant threshold of 30 voxels. 
 
3.2.4. Seed Analyses— ATL-Seed  
The ATL-seeded network in nfvPPA showed significant overlap with the healthy 
control map in bilateral temporal regions, as well as left IFG/orbitofrontal cortex and 
temporoparietal junction (Appendix Table A10). 
A statistical comparison of ATL-seeded RSFC networks in healthy controls and 
nfvPPA after correcting for atrophy revealed significant reductions in connectivity in the 
right postcentral gyrus. Alterations in connectivity were also seen in the left caudate 




Figure 6: ATL-seeded RSFC Networks for nfvPPA and Corresponding Group 
Differences 
 
Left) ATL-seeded RSFC networks for nfvPPA (in red-yellow) overlaid on homologous 
networks derived from healthy controls (in blue-green). Analyses were corrected for 
multiple comparisons at the cluster level using family-wise error correction (FWE), 
p<0.005, with extent threshold of 30 voxels. (Right) Statistically significant group level 
differences in ATL-seeded RSFC networks for nfvPPA and controls, with gray matter as 
an imaging covariate. Analyses were calculated using a statistical threshold of p<0.005 
(uncorrected), with an extant threshold of 30 voxels. 
 
3.3. LOGOPENIC VARIANT PPA 
3.3.1. VBM results 
Consistent with previous literature, the lvPPA patient group demonstrated 
significant atrophy throughout left temporal and temporoparietal cortex (see Figure 3; 
Rohrer et al., 2013; Rogalski et al., 2011, 2014). Additional regions of atrophy included 
smaller clusters in the left frontal operculum, IFG and bilateral insula. Less extensive 
right hemisphere atrophy was observed in the MTG, ITG, inferior parietal lobe, 
precuneus, and cingulate. Subcortically, lvPPA had significant gray matter loss in the left 
caudate and bilateral thalamus (Appendix Table A12).  
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3.3.2. Seed Analyses— IFG-Seed  
In lvPPA, the IFG-seeded network was substantially reduced compared to the 
network revealed by controls and encompassed small areas within the frontal lobes, 
including left hemisphere IFG, MFG, and frontal operculum, as well as right IFG and 
MFG (Appendix Table A13). 
Between-group differences for IFG-seeded networks in lvPPA and healthy 
controls revealed reduced functional connectivity primarily in the bilateral superior 
parietal cortices, precuneus and temporal poles, after correcting for the effects of atrophy. 
Reduced connectivity was also observed in left temporoparietal and orbitofrontal regions, 
as well as bilateral occipital and cerebellar regions (Figure 7; Appendix Table A14). 
Figure 7: IFG-seeded RSFC Networks for lvPPA and Corresponding Group Differences 
 
 (Left) IFG-seeded RSFC networks for lvPPA (in red-yellow) overlaid on homologous 
networks derived from healthy controls (in blue-green). Analyses were corrected for 
multiple comparisons at the cluster level using family-wise error correction (FWE), 
p<0.005, with extent threshold of 30 voxels. (Right) Statistically significant group level 
differences in IFG-seeded RSFC networks for lvPPA and controls, with gray matter as an 
imaging covariate. Analyses were calculated using a statistical threshold of p<0.005 
(uncorrected), with an extant threshold of 30 voxels. 
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3.3.3. Seed Analyses— SPT-Seed 
Similar to results in the IFG-seeded network, significant correlations to the SPT 
seed were highly reduced and consisted of a left lateralized focal cluster at the 
temporoparietal junction, with extension into the postcentral gyrus (Appendix Table 
A15).  
A group-level statistical comparison of SPT-seeded networks in healthy controls 
and lvPPA with atrophy correction revealed bilateral but right-dominant reductions in 
connectivity clustered around the right motor strip, SMA, and STG. Small clusters were 
seen dorsally in the frontal (bilateral SFG, MFG, IFG), temporal (bilateral STG and right 
ITG), and bilateral superior parietal, and occipital lobes, with additional statistically 
significant network alterations in right precuneous and caudate and left cingulate (Figure 











Figure 8: SPT-seeded RSFC Networks for lvPPA and Corresponding Group Differences 
 
 (Left) SPT-seeded RSFC networks for lvPPA (in red-yellow) overlaid on homologous 
networks derived from healthy controls (in blue-green). Analyses were corrected for 
multiple comparisons at the cluster level using family-wise error correction (FWE), 
p<0.005, with extent threshold of 30 voxels. (Right) Statistically significant group level 
differences in SPT-seeded RSFC networks for lvPPA and controls, with gray matter as an 
imaging covariate. Analyses were calculated using a statistical threshold of p<0.005 
(uncorrected), with an extant threshold of 30 voxels. 
 
3.3.4. Seed Analyses— ATL-Seed  
Connectivity relative to the ATL seed was substantially reduced and very focal. 
Significant correlations were seen within and immediately adjacent to the seeded region 
in the ATL (Appendix Table A17). 
A group-level statistical comparison between lvPPA and healthy controls for 
ATL-seeded networks revealed large alterations in connectivity primarily within the right 
STG, bilateral MTG, and left occipital lobe, after correcting for atrophy. Additional 
group differences were seen bilaterally in the SMA, as well as in the left IFG/frontal 
operculum and postcentral gyrus. Dorsal right hemisphere reductions in connectivity 
were noted in the superior parietal lobes and insula (Figure 9; Appendix Table A18). 
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Figure 9: ATL-seeded RSFC Networks for lvPPA and Corresponding Group Differences 
 
 (Left) ATL-seeded RSFC networks for lvPPA (in red-yellow) overlaid on homologous 
networks derived from healthy controls (in blue-green). Analyses were corrected for 
multiple comparisons at the cluster level using family-wise error correction (FWE), 
p<0.005, with extent threshold of 30 voxels. (Right) Statistically significant group level 
differences in ATL-seeded RSFC networks for lvPPA and controls, with gray matter as 
an imaging covariate. Analyses were calculated using a statistical threshold of p<0.005 
(uncorrected), with an extant threshold of 30 voxels. 
 
3.4. SEMANTIC VARIANT PPA 
3.4.1. VBM Results 
Consistent with our hypothesis, areas of significant atrophy relative to healthy 
controls included a large cluster involving the left ventrolateral temporal lobe, 
hippocampus/amygdala, and insula, as well as a smaller right anterior and ventral 
temporal lobe cluster. Subcortical atrophy was also observed in the left caudate and 
putamen (Figure 3; Appendix Table A19). 
3.4.2. Seed Analyses— IFG Seed 
The IFG-seeded network in svPPA overlapped with the control network primarily 
in frontal dorsal areas within the left MFG/IFG. Correlations with the ATL seed were 
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seen to a lesser extent in the left superior parietal lobe and smaller clusters were observed 
in the right hemisphere MFG/IFG, as well as bilateral SMA and calcarine fissure 
(Appendix Table A20).  
A group level statistical comparison between svPPA and healthy controls for IFG-
seeded networks revealed significant reductions in connectivity within the left anterior 
inferior temporal pole and cerebellum (Figure 10; Appendix Table A21). 
Figure 10: IFG-seeded RSFC Networks for svPPA and Corresponding Group Differences 
 
(Left) IFG-seeded RSFC networks for svPPA (in red-yellow) overlaid on homologous 
networks derived from healthy controls (in blue-green). Analyses were corrected for 
multiple comparisons at the cluster level using family-wise error correction (FWE), 
p<0.005, with extent threshold of 30 voxels. (Right) Statistically significant group level 
differences in IFG-seeded RSFC networks for svPPA and controls, with gray matter as an 
imaging covariate. Analyses were calculated using a statistical threshold of p<0.005 
(uncorrected), with an extant threshold of 30 voxels. 
3.4.3. Seed Analyses— SPT Seed 
The SPT-seeded network in svPPA overlapped with, but was less extensive than 
the SPT-seeded network in healthy controls. Networks within svPPA extended bilaterally 
across perisylvian regions from the temporoparietal junction into posterior temporal, 
inferior frontal, and parietal areas. SPT-seeded networks in extrasylvian areas included a 
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small cluster within the right dorsal motor strip, well as larger bilateral clusters in the 
occipital lobe (Appendix Table A22).  
Between-group statistical analyses for SPT-seeded networks in svPPA versus 
healthy controls with atrophy correction revealed reductions in connectivity for small 
clusters within the left anterior MTG, ITG and right pre- and postcentral gyri as well as 
bilateral cerebellum (Figure 11; Appendix Table A23). 
Figure 11: SPT-seeded RSFC Networks for svPPA and Corresponding Group Differences 
 
(Left) SPT-seeded RSFC networks for svPPA (in red-yellow) overlaid on homologous 
networks derived from healthy controls (in blue-green). Analyses were corrected for 
multiple comparisons at the cluster level using family-wise error correction (FWE), 
p<0.005, with extent threshold of 30 voxels. (Right) Statistically significant group level 
differences in SPT-seeded RSFC networks for svPPA and controls, with gray matter as 
an imaging covariate. Analyses were calculated using a statistical threshold of p<0.005 
(uncorrected), with an extant threshold of 30 voxels. 
3.4.4. Seed Analyses— ATL Seed 
Functional connectivity within the ATL-seeded network in svPPA was 
substantially reduced relative to healthy controls and presented with focal connectivity in 
the temporal pole within regions immediately surrounding the seed (Appendix Table 
A24).  
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A direct comparison using BPM revealed significant group differences in 
connectivity within left perisylvian regions (IFG, pre-/postcentral gyri, STG, and 
temporoparietal junction) as well as the posterior inferior temporal cortex. A subset of 
homologous frontal, parietal, and temporal regions had significantly reduced connectivity 
in the right hemisphere (Figure 12; Appendix Table A25). 
Figure 12:ATL-seeded RSFC Networks for svPPA and Corresponding Group Differences 
 
(Left) ATL-seeded RSFC networks for svPPA (in red-yellow) overlaid on homologous 
networks derived from healthy controls (in blue-green). Analyses were corrected for 
multiple comparisons at the cluster level using family-wise error correction (FWE), 
p<0.005, with extent threshold of 30 voxels. (Right) Statistically significant group level 
differences in ATL-seeded RSFC networks for svPPA and controls, with gray matter as 
an imaging covariate. Analyses were calculated using a statistical threshold of p<0.005 





Imaging studies in PPA have shown that PPA targets specific sub-networks 
within the general language network through targeted neurodegeneration (Seeley et al., 
2009). Despite well-documented patterns of structural decline in PPA, no studies have 
examined patterns of functional connectivity or their alteration in each of the clinical 
variants. In this study, we investigated resting-state functional connectivity (RSFC) 
networks via seeds representing key nodes of the dorsal and ventral language streams 
within PPA variants and healthy controls. We analyzed group-level gray matter loss and 
included gray matter volume as an imaging covariate to measure network-wide RSFC 
disruptions in PPA above and beyond the effects of atrophy for three language seeds 
(IFG, SPT, and ATL).  
On the basis of well-established behavioral profiles and patterns of atrophy within 
variants (Gorno-Tempini et al., 2004, 2011), we hypothesized that nfvPPA would exhibit 
atrophy primarily in the dorsal articulatory-phonological language pathway. We predicted 
that lvPPA would have similar atrophy in the dorsal articulatory-phonological pathway, 
with some extension into the ventral pathway. Although historically, lvPPA was 
associated with predominant left posterior perisylvian/temporoparietal atrophy, (Gorno-
Tempini et al., 2008; 2011), more recent papers document involvement of both 
temporoparietal regions and the temporal lobe, particularly with disease progression 
(Rohrer et al., 2013; Rogalski et al., 2011). Lastly, we predicted that atrophy within 
svPPA would be confined to the ventral lexical-semantic pathway. We hypothesized that 
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RSFC networks derived from language network seeds would be less extensive in patients 
relative to controls and, with regard to specific patterns of RSFC alteration in each 
variant, we hypothesized that: (1) nfvPPA group would have widespread disruption in 
functional connectivity primarily within dorsally seeded articulatory-phonological 
networks (IFG and SPT seeds), (2) lvPPA would show prominent disruption in the 
network derived from dorsal (SPT and IFG) seeds, with lesser alteration of the ventrally 
seeded (ATL) network and, (3) svPPA would have widespread disruptions primarily in 
the ventrally seeded semantic network (ATL seed). 
4.1. EXTENT OF ATROPHY IN PPA VARIANTS 
Findings from our voxel-based morphometry (VBM) analyses were consistent 
with well-established atrophy patterns in each of the PPA variants. The nfvPPA group 
displayed significant atrophy in a circumscribed region within the dorsal articulatory-
phonological pathway (left IFG, motor strip, basal ganglia and, to a lesser extent, STG). 
The lvPPA group demonstrated atrophy affecting bilateral temporal and parietal regions 
and, to a lesser extent left IFG, implicating both dorsal and ventral language pathways3.  
Finally, the svPPA group displayed significant atrophy in bilateral anterior temporal 
regions within the ventral lexical-semantic pathway.  
                                                
3 The patient scans included in the current study were acquired at the earliest available time point relative 
to the patient’s first visit in a longitudinal study at UCSF. It is worth noting that lvPPA shares pathology 
with early-onset AD and presents with similar behavioral features, including early word finding deficits. In 
fact, many lvPPA patients are misdiagnosed as typical AD and thus do not receive a correct diagnosis until 
language symptoms have progressed to a greater degree. It is possible that our lvPPA cohort was referred to 
UCSF at a later date post-onset than nfvPPA or svPPA, and thus presented with more extensive atrophy. 
This is supported by the finding of worse MMSE scores in the lvPPA group relative to the other patient 
cohorts (Table 1).      
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4.2. RSFC NETWORKS IN HEALTHY SUBJECTS  
RSFC networks derived from dorsal (IFG and SPT) seeds in healthy controls 
included areas associated with articulatory-phonological and motor speech pathways, but 
were extensive and encompassed other areas within and beyond the traditional language 
network. Networks derived from SPT and IFG overlapped substantially in the left 
hemisphere, suggesting a highly interconnected and bidirectional phonological-
articulatory network. Areas found in SPT and IFG-seeded networks included the bilateral 
MFG/IFG, pre- and post-central gyri, superior/inferior parietal lobe, posterior temporal 
lobe, and occipital lobe. Additional regions that correlated with the IFG seed included 
bilateral SMA, superior frontal gyrus, and caudate and putamen. The SMA is crucial in 
the “programming” and fluent use of intentional speech (Goldberg, 1985). In contrast, the 
putamen is thought to control cortical initiation (Booth, Wood, Lu, Houk & Bitan, 2007), 
with activation of the left basal ganglia observed in syntactic relative to semantic tasks 
(Friederici, Ruschemeyer, Hahne & Fiebach, 2003). Unlike the IFG-seeded network, the 
SPT-seeded network included bilateral mid-to-anterior STG/MTG. The STG has been 
implicated in a variety of language functions, with the posterior part of the superior 
temporal gyrus selectively activated by sentence and text processing, while the superior 
and middle temporal sulcus are activated in phonological tasks (Vigneau et al., 2006).  
The SPT-seeded network also included the hippocampus, amygdala and thalamus, 
regions not commonly seen in the traditional language network. An important 
methodological limitation is that our statistical threshold (p<0.005 FWE) was selected 
with the goal of sensitivity in both patient and control groups (to allow for direct 
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comparison in healthy versus disease groups). This threshold was, in effect, overly 
lenient for controls, producing results that obscured patterns within specific dorsal sub-
networks. Future research should explore RSFC maps derived from seeds in healthy 
controls at a more stringent threshold to allow for more fine-grained analysis of shared 
versus unique anatomical regions in these two seeded networks specifically. 
Relative to existing RSFC studies in healthy controls, our IFG and SPT-seeded 
networks overlapped with, but were more extensive than other studies investigating seed-
based functional connectivity in healthy controls. In a landmark study, Tomasi & Volkow 
(2012) compared resting-state networks using traditional language seeds, e.g. Broca’s 
area and Wernicke’s area, in 970 healthy subjects from over 22 research centers across 
the world. The seed they used Broca’s area was within the IFG and similar to our IFG 
seed, with spherical radius ~4mm (ROI volume=3.375 cm3). The other seed, referred to 
as Wernicke’s area, was slightly superior to our SPT seed, located in the supramarginal 
gyrus. Tomasi & Volkow found connectivity within adjoining prefrontal, temporal and 
parietal regions, similar to the current study results, as well as additional bilateral 
caudate, left putamen and subthalamic nuclei connectivity, for both Broca’s and 
Wernicke’s area seeds. Tomasi & Volkow’s networks did not have positive correlations 
in the post-central gyrus, SMA, or occipital lobe for Broca’s seeded-networks. Similarly, 
no positive correlations were noted in the Wernicke’s-seeded network in the post-central 
gyrus, superior temporal lobe, or occipital lobe. Research has shown that the IFG has a 
highly specialized, differential function within the pars triangularis, opercularis, and 
orbitalis (Vigneau et al., 2006). This is important in the context of seed analysis for 
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RSFC, as slightly different coordinates can drastically change resulting networks. Some 
variability is expected between studies.  
RSFC for the ATL-seeded network in healthy controls included a network of 
regions implicated in semantic processing, as well as additional regions involved in 
comprehension and production of spoken and written language more broadly: bilateral 
temporal, dorsal and inferior frontal, inferior parietal, and temporo-occipital regions. Our 
ATL-seeded RSFC network corresponded to other RSFC networks produced in healthy 
controls within the literature. Jackson, Hoffman, Pobric, & Lambon Ralph (2016) 
analyzed and compared ATL-seeded RSFC networks in 78 healthy subjects with 
functional imaging of the same cohort while they performed semantic tasks using a 
variety of modality-specific stimuli including pictorial, linguistic auditory and 
environmental auditory stimuli. RSFC using a left ventral ATL-seed corresponded to 
regions active during functional neuroimaging of semantic tasks, including bilateral ATL, 
IFG, AG, posterior MTG, and medial temporal lobe connectivity, with additional frontal 
and occipital activation during task states. Our ATL-seeded network demonstrated 
substantial congruence to the Jackson et al. network but extended more broadly to 
additional occipital regions with no medial prefrontal connectivity. Once again, slight 
variation in seed locations can produce different networks. Additional RSFC studies with 
healthy controls, such as Hurley et al. (2015) found bilateral but asymmetrical 
connectivity between the left and right ATL, IFG, MTG, AG, and superior frontal gyrus. 
Reciprocal asymmetric left hemisphere involvement of the ATL within separate IFG and 
MTG-seeded networks showed that the ATL was directly connected to the language 
 47 
network and should be considered an integral node within the classically defined 
language system. Here again, our ATL-seeded network supports this claim, with bilateral 
but asymmetric connectivity between the left ATL and perisylvian language network, as 
well as with the posterior inferior temporal lobe and occipital lobe.  
Large portions of the temporal lobe have been implicated in a wide variety of 
semantic processing tasks. Sensory-motor representations from multiple areas of the 
brain are bound together in the ATL for subsequent use more broadly during semantic 
tasks or language processing (Lambon Ralph, Sage, Jones, & Mayberry, 2010; Rogers et 
al., 2004). Overall patterns of connectivity from the ATL to other modality-specific 
regions support the concept of the ATL as a “hub” for creating multimodal semantic 
representations (Hurley et al., 2015; Patterson et al., 2007; Jackson et al., 2016; Visser & 
Lambon Ralph, 2011).  
Non-temporal areas connected within the ATL-seeded network are also 
implicated in the semantic network, but within the context of executive semantic retrieval 
and control. The angular gyrus (AG), which is situated between adjoining spatial, 
auditory, somatosensory and visual association areas, is purported to play a role in 
conceptual integration (Binder et al., 2009). Together with the prefrontal cortex and 
posterior MTG, the dorsal AG acts to “regulate and shape activation within the semantic 
system” (Noonan, Jefferies, Corbett & Lambon Ralph, 2010). Multiple functional 
imaging studies have implicated the IFG, specifically the “pars orbitalis,” in semantic 
processing, particularly in the context of speech production tasks (Liakakis et al., 2011). 
However, the IFG and AG do not act as storage for semantic representations. IFG lesions 
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typically impair phonological, articulatory or syntactic processes, not core semantic 
knowledge (Binder, Desai, Graves & Contant, 2009). Instead, the IFG and AG act in 
conjunction with the ATL to retrieve, control, and manipulate  lexical-semantic 
representations.  
4.3. RELATIONSHIP BETWEEN ATROPHY AND RESTING-STATE FUNCTIONAL 
CONNECTIVITY IN PPA 
Consistent with our hypothesis, RSFC networks for all seeds were substantially 
less extensive in patients than controls. Visual inspection revealed that patients with the 
least extensive atrophy, i.e. nfvPPA, had the most robust networks compared to other 
variants. In contrast, lvPPA, the group with the most atrophy, had very reduced, focal 
networks compared to controls. Group-level statistical comparisons between controls and 
patients using BPM (to include gray matter volumes as a covariate) support this claim. 
The nfvPPA group had virtually no statistically significant differences compared to 
controls after controlling for atrophy, whereas lvPPA had significant and diffuse 
differences in connectivity throughout both hemispheres for all seeded-networks. For all 
variants, seeds overlapping with regions of atrophy were the most significantly altered as 
compared to controls, even after regressing out the effects of atrophy. This is consistent 
with Seeley’s network degeneration hypothesis, whereby progressive atrophy targets 
specific networks, thereby causing network-wide disruption (Seeley et al., 2009).  
Although patients displayed extensively limited network connectivity, group 
differences between patients and controls did not support selective ventral and dorsal 
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deficits by variant, contrary to our hypothesis. Our findings suggest that both ventral and 
dorsal language pathways are affected by left hemisphere atrophy, irrespective of clinical 
variant. In fact, seeded networks not within a direct region of atrophy were substantially 
reduced relative to controls, regardless of whether the variant demonstrated phonological-
articulatory vs. lexical-semantic deficits. Together, these findings indicate that RSFC 
within dorsal and ventral language pathways are highly interconnected.  Further, atrophy 
and RSFC both have unique neuroimaging signatures with an emerging logical 
relationship to one another and to clinical phenotype.  
4.3.1. Non-Fluent Variant PPA 
The nfvPPA group displayed the most robust networks of all patient groups, 
likely as a result of relatively less atrophy. Atrophy peaks were primarily in the insula, 
IFG, MFG, motor strip, SMA, and basal ganglia, which is consistent with the presence of 
both linguistic (syntactic) and motoric (AOS and dysarthria) deficits in this population 
(Gorno-Tempini, et al., 2004; Josephs, et al., 2006).  
Resting-state networks in nfvPPA that were seeded in relatively spared, non-
atrophic regions, i.e. SPT and ATL, were visually similar but still less extensive than 
control networks. RSFC networks for SPT encompassed perisylvian regions, with less 
extensive connectivity to extrasylvian regions such as the superior motor strip and dorsal 
frontal and parietal lobes, whereas RSFC networks for ATL extended into the bilateral 
temporal lobe, left IFG, orbitofrontal cortex and temporoparietal regions. Interestingly, 
positive correlations with dorsal regions in the frontal and parietal lobes were for the 
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most part markedly absent in both SPT and ATL seeded networks. This included absent 
connectivity in the left and right superior motor strip for SPT seeded networks, consistent 
with motor speech deficits (Gorno-Tempini et al., 2011). Additional, secondary bilateral 
anterior superior frontal recruitment was also noted for the IFG-seeded network. The 
superior frontal gyrus is thought to contribute to higher cognitive functions and working 
memory (Du Boisgueheneuc et al., 2006). Classic descriptions of the phonological loop 
implicate posterior temporoparietal regions in short-term phonological memory and 
frontal cortices with subvocal phonological rehearsal that serves to refresh the 
phonological memory store (Baddeley, 2003). Dorsal frontal recruitment may reflect 
compensatory working memory to support phonological working memory in the face of 
reduced fronto-parietal connectivity. This is consistent with results from Premi et al., 
(2014), which showed increased frontal recruitment for asymptomatic carriers of GRN+ 
mutated gene in FTD patients (including nfvPPA) relative to healthy controls.  
Very small significant left hemisphere differences were seen in the basal ganglia 
(SPT seed: bilateral cingulate gyrus and caudate; ATL seed: left caudate nucleus). Recent 
research has implicated the basal ganglia in motor “chunking,” which is important for the 
execution of articulatory targets with varying syntax (Wymbs, Bassett, Mucha, Porter, & 
Grafton, 2012).  Motor “chunking” involves parsing knowledge of motor sequences into 
smaller morphemes, as needed for syntactic functions, by the left fronto-parietal network 
(Clerget, Poncin, Fadiga, & Olivier, 2012; Sakai, Kitaguchi, & Hikosaka, 2003; Verwey, 
2001; Verwey & Eikelboom, 2003). The fronto-parietal network sends these short chunks 
to the basal ganglia to concatenate into longer clusters for use (Sakai et al. 2003; Verwey 
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1996). Although most frequently investigated in Parkinson’s disease patients, breakdown 
in the ability to concatenate syntactic morphemes in the basal ganglia could result in 
agrammatic speech, as commonly seen in nfvPPA patients (Zenon & Olivier, 2014). 
Further research is needed to identify the RSFC interrelationship between basal ganglia 
and areas associated with articulation and phonology.    
4.3.2. Logopenic Variant PPA 
The lvPPA group demonstrated the most extensive atrophy, encompassing most 
of the left temporal lobe and extending dorsally into temporoparietal and frontal regions. 
Atrophy within both ventral and dorsal language streams appeared to reduce connectivity 
throughout left hemisphere areas associated with phonology (IFG seed: posterior STG; 
SPT seed: mid-STG, IFG; ATL seed: operculum) and semantics (IFG seed: ATL; ATL 
seed: MTG) (Vigneau et al., 2006). Although semantic processing is not usually impaired 
in lvPPA, phonological processing is a hallmark symptom in this patient group (Henry et 
al., 2016). As previously mentioned, classic “phonological loop” literature postulates that 
posterior temporoparietal regions serve as the center of short-term phonological storage, 
and frontal cortices mediate subvocal phonological rehearsal that serves to refresh the 
store (Baddeley, 2003). Alterations in connectivity between IFG, SPT, and the posterior 
superior temporal gyrus is consistent with prominent language deficits in lvPPA observed 
on phonological processing tasks such as repetition and visual and auditory word span 
tasks (Bookheimer, Zeffiro, Blaxton, Gaillard, Theodore, 2000; Buchsbaum, Hickok, & 
Humphries, 2001; Gorno-Tempini et al., 2011). With impaired short-term phonological 
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storage, individuals with lvPPA may be unable to refresh the store as easily, leading to 
repetition and comprehension deficits, particularly for longer sentences (Rohrer et al., 
2010; Gorno-Tempini et al., 2008).  Nonword reading is also impaired in lvPPA, due to 
the increased phonological demands when decoding nonwords (Henry et al., 2016). The 
operculum is heavily implicated in phonological processing and nonword reading (Chein, 
Fissell, Jacobs, & Fiez, 2002; Fiez, Tranel, Seager-Frerichs, & Damasio, 2006; Jobard, 
Crivello, & Tzourio-Mazoyer, 2003; Vigneau, et al., 2006). As such, differences in 
connectivity with the operculum is consistent with selective nonword reading deficits. 
Our cohort also demonstrated significantly reduced connectivity between the ATL and 
MTG, areas that are key for semantic processing (Binder, Desai, Graves, & Conant, 
2009). LvPPA patients do not usually display semantic deficits (Gorno-Tempini, 2011) 
early in the disease course, but may develop comprehension deficits later in the 
progression. As such, reduced connectivity in the ventral pathway may reflect a more 
advanced disease state in this specific patient group. This is supported by the finding of 
lower MMSE scores in lvPPA relative to healthy controls, nfvPPA and svPPA groups. 
4.3.3. Semantic Variant PPA 
Consistent with results from the other three variants, resting-state networks for all 
three seeds were substantially less extensive in svPPA, despite only ventral damage 
within the ATL. As would be expected, the ATL-seeded network was the most 
substantially reduced. However, dorsal seeded networks, (i.e IFG and SPT) were also 
substantially limited compared to controls upon visual inspection. Dorsally seeded 
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networks had few statistically significant group-level differences after controlling for the 
effects of atrophy. In the ATL-seeded network, altered connectivity was widely 
distributed throughout the language network, as compared to controls, and included the 
left hemisphere IFG, posterior ITG, pre-motor areas, and STG. Network-wide 
dysfunction was not limited to the ventral stream only. Reductions in connectivity 
between the ATL and posterior inferior temporal cortex, a region in the ventral stream 
believed to be a semantic-lexical interface (Hickok, 2012), is consistent with 
comprehension deficits in svPPA (Gorno-Tempini et al., 2011). Disruption in 
connectivity between the ATL and IFG within the ATL-seeded network may be 
indicative of impaired lexical retrieval and semantic control, as IFG and MTG are 
thought to control lexical-semantic access (Noonan, Jefferies, Visser, & Lambon Ralph, 
2013; Wagner, Paré-Blagoev, Clark, & Poldrack, 2001). This hypothesis is bolstered by 
fMRI results in healthy controls on semantic tasks such as delayed copy drawing and 
object recognition, which require manipulation and use of salient semantic features 
(Patterson et al., 2007). Within this model, the ATL “hub” interacts with modality-
specific regions to create coherent semantic concepts, whereas the frontal and parietal 
cortices control facilitated retrieval and use of such concepts (Jefferies, 2013; Lambon 
Ralph, 2014; Noonan et al., 2010; Noonan et al., 2013; Patterson, Nestor, & Rogers, 
2007; Thompson-Schill, D'Esposito, & Kan, 1999; Wagner et al., 2001). The IFG-seeded 
RSFC network showed significant differences in connectivity with the ATL in svPPA 
compared to controls. Interestingly, the SPT-seeded RSFC network also showed altered 
connectivity with the ATL, indicating that the ATL and IFG/SPT, respectively, are 
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interconnected within a bidirectional language network, consistent with the ATL “hub” 
hypothesis.  
4.4. STUDY LIMITATIONS 
Although we systematically chose patient scans at the patient’s earliest time point 
in a longitudinal study, we did not attempt to match cohorts relative to global atrophy or 
time post disease onset. As PPA is a neurodegenerative disease, the degree to which 
resting-state networks are compromised varies depending on the stage of disease 
progression. More closely matched cohorts would be helpful in order to understand 
variations in RSFC patterns between the three PPA variants relative to specific disease 
staging.  
Longitudinal studies of lvPPA patients have revealed significant changes in both 
total gray matter loss and atrophy location over time (Rohrer et al., 2013). In order to 
assess alterations in RSFC above and beyond the effect of atrophy, we used gray matter 
as an imaging covariate in our ANCOVA model. We saw substantially more right 
hemisphere network dysfunction in RSFC compared to controls, despite left-lateralized 
atrophy. More notably, group level differences were absent in areas where there was 
connectivity in control maps but not in RSFC networks for patients. Although the lack of 
significance at the group level may be a result of statistical thresholds in the one-sample 
t-test (p<0.005 FWE), other factors may have impacted the results. Atrophy, and 
therefore RSFC, can differ significantly between patients of the same variant. High 
variability in left hemisphere RSFC within each patient group may have impacted the 
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ANCOVA statistical model, minimizing statistically significant results within the left 
hemisphere, specifically. Given the prominent language deficits in PPA and left-
lateralized atrophy (Gorno-Tempini et al., 2011), it is unlikely that RSFC is not 
substantially altered in the left hemisphere relative to controls. We hypothesize that 
prominent right hemisphere network-level dysfunction may be an artifact of the statistical 
model and a function of left greater-than right hemisphere RSFC variability in patients. 
Visual inspection of patient versus controls one-sample seed maps shows that RSFC 
networks for PPA are substantially different than controls. As such, our statistics likely 
did not capture the extent of network-wide dysfunction within the left hemisphere for 
PPA, as compared to controls, as a result of variability in both gray matter volume and 
RSFC. The ANCOVA statistical model with gray matter volumes as an imaging 
covariate may not be the best approach for group-level comparisons of RSFC in PPA 
versus controls.     
4.5. NEXT STEPS 
Our next step will be to assess whether RSFC variability in PPA minimized 
significant results in the left hemisphere. To do so, we will examine mean signal and its 
standard deviation for areas which were statistically significant at p<0.005 FWE for 
controls, but not for PPA, and which did not survive the two-group comparison. 
Differences in the standard deviation for right versus left regions of interest will be 
informative about RSFC variability between hemispheres. Such results can help to guide 
future statistical analysis.  
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We would also like to explore RSFC networks within different ROIs. Given the 
significant group differences in the right hemisphere within left-seeded RSFC networks, 
homologous right hemisphere seeded networks may provide interesting additional 
information, as the left and right hemisphere appear to have differential functions in 
speech and language processing (Hurley et al., 2015; Vigneau et al., 2011). We would 
also like to investigate RSFC networks using different peak coordinates within our 
current broad regions of interest. A more refined ROI-seeded analysis based on 
subregions in the IFG could provide valuable information about dorsal and ventral 
language pathways. For example, subanatomical regions of the IFG are thought to have 
differential functions for semantics versus syntax (Liakakis et al., 2011). Furthermore, we 
could correlate RSFC to semantic and syntactic language performance on assessment 
tasks. Using ICA, amplitude of spontaneous low-frequency fluctuation (ALFF) in a 
regional STG-based RSFC network has been shown to positively predict performance in 
healthy subjects on a sound-to-word learning tasks, whereas ALFF in the default mode 
network negatively correlated with learning performance (Deng, Chandrasekaran, Wang, 
& Wong, 2015). Future research could analyze ALFF within our existing ROIs and 
correlate results with behavioral measures of motor-speech, syntax, phonology and 
semantic processing. Of particular interest would be the relationship between ALFF and 
nonword, irregular and regular word spelling and reading performance within ATL/SPT-
seeded RSFC networks. Successful decoding of nonwords and irregular words requires 
selective recruitment of phonological and semantic processing, which could produce 
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differential ALFF scores within select variants of PPA (Henry et al., 2016; Sepelyak et 
al., 2011).  
 Relative to our results, it is possible that ROIs directly within atrophic areas 
contributed differentially to altered patterns of connectivity. Future analysis should 
examine the effects of placing ROIs within or very close to regions of atrophy. Such an 
analysis may be interesting in the context of graph theory. Future research could examine 
the implications of an atrophic ROI on the global efficiency, characteristic path length, 
and assortativity of the language network within PPA, as well as on the overall number of 
graphical nodes within the seed-based network. To standardize results among variants, 
researchers should attempt to match groups for total gray matter volume, as an indicator 
of atrophy.  
In conclusion, this is the first study, to our knowledge, to examine RSFC in key 
nodes of the language network within all three variants of PPA. We demonstrated unique 
patterns of structural variance and RSFC networks in PPA. We confirmed predictions 
that RSFC networks would be significantly altered relative to controls and showed 
distinct patterns among the variants. Our results leave us with many unanswered 
questions that suggest new directions for future research. This study represents a critical 
first step toward exploring resting-state functional connectivity as a marker of disease 





Table A1: Anatomical Abbreviations  
 
Anatomical Region Abbreviation 
Amygdala AMG 
Angular Gyrus  ANG 
Anterior Cingulate ANT CING 




Fusiform Gyrus  FUS 
Gyrus Rectus RECT 
Hescl's Gyrus HESCL 
Hippocampus  HIPP 
Inferior Frontal Operculum  IFO 
Inferior Parietal Lobe IPL 
Inferior Temporal Gyrus ITG 
Insula INS 
Lingual Gyrus  LG 
Medial Superior Frontal Gyrus MED SFG 
Middle Cingulate  MID CING 
Middle Frontal Gyrus MFG 
Middle Temporal Gyrus MTG 
Occipital Lobe OL 
Operculum OPER 
Orbitalfrontal Cortex OFC 
Pallidum PALL 
Paracentral Lobule PCL 
Parahippocampus Gyrus  PHG 
Postcentral Gyrus  POSTC 
Posterior Cinguate  POST CING 
Precentral Gyrus PREC 
Precuneus PRECU 
Putamen PUT 
Superior Frontal Gyrus SFG 
Superior Parietal Lobe SPL 
Superior Temporal Gyrus STG 
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Supplementary Motor Area SMA 
Temporal Pole TP 
Thalamus  THAL 
 
APPENDIX TABLES: CONTROLS 
Table A2: Significant Clusters and Corresponding Anatomical Regions for IFG-Seeded 
RSFC Networks in Controls 
Cluster (in voxel) T Value x,y,z (MNI) Regions 
38261 35.22 -40  20  20 L IFG  
 21.91 -44  30  20 L IFG  
 19.91 -48  22  22 L IFG  
367 12.59 -14   6   6 L PALL 
 10.73 -14   4  16 L CAUD  
 8.23 -22  -2  10 L PUT  
281 11.49 14   6   2 R PALL 
 9.83 22   6  10 R PUT  
 8.55 16   2  18 R CAUD  
113 9.82 -14  30 -18 L OFC  
 8.82 -8  40 -16 L RECT  
 8.15 -12  46 -22 L OFC  
159 9.77 62 -38 -10 R MTG  
 8.27 62 -42  -2 R MTG  
 7.89 56 -42 -14 R ITG  
124 9.49 -10 -78 -18 L CER  
 8.56 -2 -74 -20 L CER 
 7.14 -10 -74 -10 L LG  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family-
wise error correction (FWE), p<0.005, with extent threshold of 30 voxels.  
 
Table A3: Significant Clusters and Corresponding Anatomical Regions for SPT-Seeded 
RSFC Networks in Controls 
Cluster (in voxel) T Value x,y,z (MNI) Regions 
58777 35.5 -58 -38  14 L STG  
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 21.74 -50 -36   8 L MTG  
 17.08 -54   2  -2 L STG  
103 10.4 16 -28  -2 R THAL  
 8.26 14 -22   6 R THAL  
 7.94 20 -28   6 R THAL  
171 9.17 -32 -12 -26 L FUS 
 8.07 -30  -2 -26 L AMG  
 7.63 -32 -20 -18 L HIPP  
139 8.82 30  42  30 R MFG  
 8.1 26  48  20 R SFG  
 8.05 34  50  24 R MFG  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family-
wise error correction (FWE), p<0.005, with extent threshold of 30 voxels. 
 
Table A4: Significant Clusters and Corresponding Anatomical Regions for ATL-Seeded 
RSFC Networks in Controls 
Cluster (in voxel) T Value x,y,z (MNI) Regions 
5952 32.98 -50   6 -40 L ITG  
 13.55 56  -6 -28 R ITG  
 13.46 -62 -28 -6 L MTG  
5053 12.64 2 -90  -6 L CALC  
 12.31 -8 -46  34 L MID CING  
 11.65 -50 -70  -8 L OL 
3514 11.62 50  28  -4 R OFC  
 11.56 62  -6   6 R HESCL  
 11.29 50 -16 -16 R MTG  
104 11.16 -10  30  56 L MED SFG  
 8.9 -8  18  54 L SMA  
 7.79 -12  38  52 L SFG  
463 10.49 0  58 -22 L RECT  
 9.45 -4  58  -8 L OFC  
 8.95 -8  58 -20 L OFC  
763 10.35 -10  60  30 L MED SFG  
 9.8 -4  56  20 L MED SFG  
 8.9 8  48  24 R ANT CING  
326 10.16 24 -78 -30 R CER  
 8.38 20 -86 -28 R CER  
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 8.18 36 -82 -30 R CER  
102 9.88 4 -24  72 R PCL  
 7.9 6 -18  78 R SMA  
465 9.46 50 -62 -20 R ITG  
 9.12 42 -80  -6 R OL 
155 9.15 -20 -78 -32 L CER  
 8.35 -28 -86 -32 L CER  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family-
wise error correction (FWE), p<0.005, with extent threshold of 30 voxels. 
 
APPENDIX TABLES: NON-FLUENT VARIANT PPA (NFVPPA) 
Table A5: Significant Clusters and Corresponding Anatomical Regions for nfvPPA 
Voxel-Based Morphometry (VBM) Results  
Cluster (in voxel) T Value x,y,z (MNI) Regions 
2823 8.97 -34  12   6  L INS 
 8.14 -34  20   4  L INS 
 7.9 -46   2  38  L PREC 
285 8.94 -26 -10  56  L PREC 
 6.81 -20 -10  64  L SFG 
 6.23 -38  -4  54  L PREC  
400 7.85  -6   8  50  L SMA 
 6.59  -4  -6  46  L MID CING 
 6.47  -6 -16  44  L MID CING 
160 7.48  26  -4  54  R SFG 
 6.36  40   0  48  R PREC 
 5.79  38  -4  58  R MFG 
295 7.41 -48 -14  44  L POSTC 
 7.22 -52 -10  38  L POSTC 
 6.1 -56  -6  24  L POSTC 
378 7.34  36  24   0  R INS  
 6.72  40   4   8  R INS  
 6.65  38  -8  12  R INS  
396 7.26   0 -22   4  R THAL 
 6.46 -12 -14  10  L THAL  
133 7.19  20   2   6  R PALL 
141 7.1  52  -8  40  R PREC 
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 7.04  44 -14  40  R PREC 
 5.39  42 -16  52  R PREC 
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family 
wise error correction (FWE), p<0.005, with extent threshold of 50 voxels. 
 
Table A6: Significant Clusters and Corresponding Anatomical Regions for IFG-Seeded 
RSFC Networks in nfvPPA 
Cluster (in voxel) T Value x,y,z (MNI) Regions 
9200 31.18 -40   20  20  L IFG 
 18.78 -50   22  20  L IFG 
 14.52 -48   16  34  L IFO 
1101 12.54  50   26  22  R IFG 
 11.02  46   32  12  R IFG  
 10.01  42   12  40  R MFG 
188 10.93 -26  -94 -12 L OL 
 8.81 -32  -82 -10 L OL 
 8.69 -20  -96  -6 L OL 
431 10.79 -30  -70  38  L OL  
 10.02 -46  -54  32  L ANG  
 9.16 -40  -64  38  L ANG 
117 10.61  -4   42  -8  L OFC  
 7.82  -2   36 -16  L RECT  
622 10.44  -4  -46  46  L PRECU 
 9.77  -4  -48  24  L POST CING 
 9.09   8  -50  36  R MID CING 
154 9.98  34  -66  40  R OL 
 9.17  42  -56  44  R IPL 
114 9.36  18  -96   2  R CALC  
 8.45  22  -94  16  R OL 
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family-




Table A7: Significant Clusters and Corresponding Anatomical Regions for Group 
Differences between nfvPPA and Controls within IFG-Seeded RSFC 
Networks  
Cluster (in voxel) T Value x,y,z (MNI) Regions 
259 6.08  26 -46   4 R PRECU 
 3.97  16 -40   4 R PRECU 
 3.95  32 -38  -2 R HIPP 
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses was calculated using a statistical threshold of p<0.005 (uncorrected), with 
an extent threshold of 30 voxels. 
 
Table A8: Significant Clusters and Corresponding Anatomical Regions for SPT-Seeded 
RSFC Networks in nfvPPA 
Cluster (in voxel) T Value x,y,z (MNI) Regions 
10939 31.94 -54  -40  14  L STG 
 16.36 -52   -8   2  L STG 
 13.72 -56  -28  12  L STG  
2287 13.59  52  -36  14  R STG 
 12.36  62  -42  12  R STG 
 11.49  58    8  14  R OPER 
159 9.93 -24  -60  50  L SPL 
 9.23 -28  -44  36  L IPL 
 8.92 -34  -50  48  L IPL 
273 9.6  32  -76 -10  R FUS 
 9.34  46  -68  -2  R MTG 
 8.89  40  -74  -2  R OL 
102 9.31  20  -48  54  R SPL 
 9.22  30  -56  48  R SPL 
 9.02  24  -44  62  R POSTC 
219 9.24  -6  -44  66  L PRECU 
 8.82  -6  -38  58  L PRECU 
 8.77  -6  -36  74  L PCL 
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family-
wise error correction (FWE), p<0.005, with extent threshold of 30 voxels. 
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Table A9: Significant Clusters and Corresponding Anatomical Regions for Group 
Differences between nfvPPA and Controls within SPT-Seeded RSFC 
Networks  
Cluster (in voxel) T Value x,y,z (MNI) Regions 
137 5.13 4   8   8 R CAUD 
 3.8 -8   6   6 L CAUD  
154 4.22 -6   8  34 L MID CING  
 3.4 -2  16  30 L ANT CING  
 3.09 4  14  40 R MID CING  
116 4.2 26 -78  -2 R FUS  
 3.4 32 -86  -4 R OL  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were calculated using a statistical threshold of p<0.005 (uncorrected), 
with an extent threshold of 30 voxels. 
 
Table A10: Significant Clusters and Corresponding Anatomical Regions for ATL-Seeded 
RSFC Networks in nfvPPA 
Cluster (in voxel) T Value x,y,z (MNI) Regions 
2363 32.38 -52   6 -40  L ITG 
 18.45 -48  12 -36  L TP 
 13.11 -50  16 -12  L TP  
911 13.89  36  12 -40  R TP 
 12.62  44   2 -40  R ITG  
 11.08  44  22 -34  R TP  
130 11.26  26 -88 -28  R CER  
 9.6  24 -80 -24  R CER  
 9.08  34 -78 -28  R CER 
367 11.17  -6  46 -18  L RECT 
 10.29   8  60 -14  R OFC 
 10.27  -8  54 -16  L RECT 
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family-






Table A11: Significant Clusters and Corresponding Anatomical Regions for Group 
Differences between nfvPPA and Controls within ATL-Seeded RSFC 
Networks  
Cluster (in voxel) T Value x,y,z (MNI) Regions 
99 4.37  62 -16  46 R POSTC 
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses was calculated using a statistical threshold of p<0.005 (uncorrected), with 
an extent threshold of 30 voxels. 
 
APPENDIX TABLES: LOGOPENIC VARIANT PPA (LVPPA) 
Table A12: Significant Clusters and Corresponding Anatomical Regions for lvPPA 
Voxel-Based Morphometry (VBM) Results  
Cluster (in voxel) T Value x,y,z (MNI) Regions 
15187 14.16 -64 -24 -22 L ITG  
 13.70 -60 -38   0 L MTG  
  13.58 -66 -32 -18 L ITG  
1350 9.34 56 -14 -12 R MTG  
  8.63 56 -32  -2 R MTG  
  8.59 60 -38   6 R MTG  
751 8.99 -10 -16  10 L THAL  
  8.28 -4  -8   4 L THAL  
  7.80 -6 -30   6 L THAL  
210 8.17 -46   8  28 L IFO  
  7.65 -52   8  16 L IFO  
  6.13 -46   2  34 L PREC  
1152 7.95 -14 -64  22 L CUN  
 7.85 -4 -44  36 L MID CING  
 7.48 -6 -62   6 L LG  
201 7.07 -26  56  -4 L OFC  
 7.00 -12  54  -8 L MED SFG 
 6.15 -34  54  -6 L OFC  
117 6.57 36  22  4 R INS 
 6.08 38   8   4 R IPL  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family 






Table A13: Significant Clusters and Corresponding Anatomical Regions for IFG-Seeded 
RSFC Networks in lvPPA 
Cluster (in voxel) T Value x,y,z (MNI) Regions 
694 26.85 -40  20  20 L IFG  
 18.15 -34  12  26 L IFG  
 16.84 -38  12  18 L IFG  
175 15.49 -42  14  38 L MFG  
 13.18 -46   2  38 L PREC  
 11.70 -36   4  38 L PREC  
109 13.82 2  34  48 L MED SFG  
 12.14 6  38  38 R MED SFG  
 11.96 -4  32  54 L MED SFG  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family-
wise error correction (FWE), p<0.005, with extent threshold of 30 voxels. 
 
Table A14: Significant Clusters and Corresponding Anatomical Regions for Group 
Differences between lvPPA and Controls within IFG-Seeded RSFC 
Networks  
Cluster (in voxel) T Value x,y,z (MNI) Regions 
1202 6.07 26 -50   6 R CALC  
 4.93 32 -50  -2 R FUS 
 4.4 -2 -56   2 CER  
5968 5.82 -28 -66  50 L SPL  
 5.81 -20 -72  48 L SPL  
 5.59 -10 -72  60 L PRECU  
505 5.33 -22 -80 -12 L FUS 
 4.22 -30 -74 -14 L FUS 
 4.09 -44 -64 -12 L OL  
520 5.09 64  -8 -28 R ITG  
 4.12 52  12 -44 R ITG 
 3.92 54  14 -36 R TP  
990 5.07 46 -74 -40 R CER  
 4.51 24 -80 -40 R CER  
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 4.23 2 -72 -46 CER 
273 4.96 -28 -52  -2 L LG  
 4.19 -20 -46   2 L PRECU  
 4 -24 -62   4 L CALC  
142 4.61 36  -2 -44 R ITG  
 4.13 46  -2 -50 R ITG 
 3.29 34  10 -50 R ITG 
548 4.53 58 -50 -42 R CER  
 4.45 36 -38 -42 R CER  
 4.37 22 -34 -48 CER 
285 4.45 4 -64  24 R PRECU  
 3.62 0 -54  30 L POST CING  
 3.35 -8 -70  20 L CALC  
331 4.34 -34  28 -28 L TP  
 4.32 -48  22 -18 L TP  
 4.02 -34  24 -42 L MTG 
161 4.15 -70 -42  18 L STG 
 4.14 -62 -46  20 L STG  
 3.34 -70 -38   6 L MTG  
126 4.14 42  22 -16 R OFC  
 3.57 40  22  -8 R INS  
 3.3 50  30 -18 R OFC  
139 4.08 50 -32 -12 R MTG 
 4 56 -42 -18 R ITG  
 3.77 44 -40 -14 R ITG 
107 3.86 -16 -32 -24 L CER  
 3.72 -22 -12 -18 L HIPP  
 3.64 -18 -24 -20 L PHG  
167 3.57 -12 -102  -2 L CALC  
 3.54 -4 -92   8 L CALC  
 3.44 -18 -92   2 L OL  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses was calculated using a statistical threshold of p<0.005 (uncorrected), with 






Table A15: Significant Clusters and Corresponding Anatomical Regions for SPT-Seeded 
RSFC Networks in lvPPA 
Cluster (in voxel) T Value x,y,z (MNI) Regions 
889 23.95 -54 -40  14 L STG  
 14.18 -60 -48  12 L STG  
 13.78 -46 -42  12 L STG  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family-
wise error correction (FWE), p<0.005, with extent threshold of 30 voxels. 
 
Table A16: Significant Clusters and Corresponding Anatomical Regions for Group 
Differences between lvPPA and Controls within SPT-Seeded RSFC 
Networks  
Cluster (in voxel) T Value x,y,z (MNI) Regions 
1468 5.91 32 -76 -16 R FUS  
 5.89 36 -62 -16 R FUS  
 4.62 20 -94  10 R CUN 
6039 5.88 48  -2  50 R PREC  
 5.78 46 -10  48 R PREC  
 5.67 42 -22  50 R POSTC  
114 5.13 4   6  10 R CAUD 
 3.08 10  12  10 R CAUD  
 3.04 -4   8   8 L CAUD 
151 4.98 6  52  40 R MED SFG  
 3.77 -2  48  48 L MED SFG  
 3.58 16  44  50 R SFG  
322 4.94 -26 -86 -12 L OL  
 4.06 -34 -88 -12 L OL  
 3.87 -20 -80 -12 L LG  
126 4.8 -54   0  -6 L STG  
 3.44 -52   2   6 L OPER  
122 4.64 -26  38  44 L MFG  
 3.18 -30  44  32 L MFG  
790 4.62 22 -76  40 R  OL 
 4.58 30 -86  34 R OL  
 4.2 22 -84  26 R OL  
336 4.36 -10  68  12 L MED SFG  
 4.22 -18  68   2 L SFG  
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 3.63 -20  64  20 L SFG  
115 4.24 50  36  20 R MFG  
 4.01 44  36  12 R IFG  
 3.46 50  42  12 R MFG  
219 4.13 2  44  -6 R OFC  
 4.12 -2  58  -6 L OFC  
 3.53 -6  40  -4 L ANT CING  
178 4.09 20  28  52 R SFG  
 4.03 28  40  40 R MFG  
 3.64 24  36  46 R SFG  
156 4.09 2 -54  24 R PRECU  
 4.01 -6 -42  36 L MID CING  
 3.87 2 -58  16 R CALC 
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses was calculated using a statistical threshold of p<0.005 (uncorrected), with 
an extent threshold of 30 voxels. 
 
Table A17: Significant Clusters and Corresponding Anatomical Regions for ATL-Seeded 
RSFC Networks in lvPPA 
Cluster (in voxel) T Value x,y,z (MNI) Regions 
326 29.27 -50   6 -40 L ITG  
 15.13 -42   4 -42 L ITG  
 12.85 -56   2 -34 L MTG  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family-
wise error correction (FWE), p<0.005, with extent threshold of 30 voxels. 
 
Table A18: Significant Clusters and Corresponding Anatomical Regions for Group 
Differences between lvPPA and Controls within ATL-Seeded RSFC 
Networks  
Cluster (in voxel) T Value x,y,z (MNI) Regions 
1859 5.73 60  -8  -6 R STG  
 5.35 60 -38   8 R STG  
 4.54 52   6  -4 R STG 
295 5.14 -38 -66 -14 L FUS 
 4.66 -48 -72  -6 L OL  
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 4.48 -36 -58 -12 L FUS 
498 4.86 6 -24  72 R PCL  
 4.49 4 -34  70 R PCL  
 4.2 6 -48  64 R PRECU  
143 4.72 -6 -56   4 L CALC  
 4.03 -6 -64  10 L CALC  
 3.5 -20 -56   6 L CALC  
380 4.7 20 -58  16 R CALC  
 3.9 26 -66  28 R OL  
 3.9 30 -72  24 R OL  
329 4.45 -34 -90   6 L OL  
 4.12 -22 -86  22 L OL  
 3.95 -36 -90  18 L OL  
100 4.34 24 -54 -14 R FUS  
 3.91 26 -46  -8 R LG  
218 4.31 -48 -14  14 L OPER  
 4.18 -50   2  16 L PREC  
 3.94 -52 -12   4 L STG  
266 4.22 -66 -28   0 L MTG  
 3.96 -64 -38   4 L MTG  
 3.82 -66 -18  -2 L MTG  
212 4.18 48  10 -24 R TP  
 4.11 36  20 -14 R INS  
 3.78 46  18 -24 R TP  
451 4.15 6  -8  74 R SMA  
 4.13 -22 -10  62 L SFG  
 4.05 -4 -14  64 L SMA  
190 4.15 58 -12  40 R POSTC  
 3.84 58 -20  44 R POSTC  
 3.4 44 -10  40 R PREC  
110 4.05 22 -74  38 L OL  
 3.08 12 -82  32 R CUN  
215 3.94 28 -44  46 R POSTC 
 3.92 30 -44  62 R POSTC  
 3.85 26 -52  62 R SPL  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses was calculated using a statistical threshold of p<0.005 (uncorrected), with 
an extent threshold of 30 voxels. 
 
 71 
APPENDIX TABLES: SEMANTIC VARIANT PPA (SVPPA) 
Table A19: Significant Clusters and Corresponding Anatomical Regions for svPPA 
Voxel-Based Morphometry (VBM) Results  
Cluster (in voxel) T Value x,y,z (MNI) Regions 
10815 19.28 -28  -8 -18 L HIPP  
 16.95 -30   6 -28 L TP  
 16.90 -42   0 -20 L TP  
2875 10.53 32  12 -30 R TP  
 10.08 32  12 -42 R TP  
 9.81 40   8 -30 R TP  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family 
wise error correction (FWE), p<0.005, with extent threshold of 50 voxels. 
 
Table A20: Significant Clusters and Corresponding Anatomical Regions for IFG-Seeded 
RSFC Networks in svPPA 
Cluster (in voxel) T Value x,y,z (MNI) Regions 
2490 31.58 -40  20  20 L IFG  
 18.85 -44  26  28 L IFG  
 14.9 -36  30  18 L IFG  
448 13.47 -6  18  48 L SMA  
 12.2 2  22  60 R SMA  
 11.93 2   8  60 R SMA  
303 13.43 52  24  26 R IFG  
 11.63 38  32  32 R MFG  
 11.37 36  22  26 R IFG  
104 12.5 -6 -96  -2 L CALC  
 9.47 -2 -94   6 L CALC  
 9.37 -16 -94  -4 L CALC  
366 11.99 -36 -54  38 L IPL  
 10.55 -40 -58  46 L ANG  
 10.12 -32 -68  48 L SPL  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family-
wise error correction (FWE), p<0.005, with extent threshold of 30 voxels. 
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Table A21: Significant Clusters and Corresponding Anatomical Regions for Group 
Differences between svPPA and Controls within IFG-Seeded RSFC 
Networks  
Cluster (in voxel) T Value x,y,z (MNI) Regions 
119 4.2 -32 -14 -38 L FUS 
 4.0604 -26 -10 -46 L FUS 
 3.0185 -26 -6 -38 L FUS 
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses was calculated using a statistical threshold of p<0.005 (uncorrected), with 
an extent threshold of 30 voxels. 
 
Table A22: Significant Clusters and Corresponding Anatomical Regions for SPT-Seeded 
RSFC Networks in svPPA 
Cluster (in voxel) T Value x,y,z (MNI) Regions 
9969 29.13 -54 -40  14 L STG  
 19.38 -58 -32  14 L STG  
 17.64 -18 -78 -10 L LG  
763 18.43 6 -12  46 R MID CING  
 15.72 10 -28  48 R MID CING  
 12.55 -2 -16  54 L SMA  
1861 16.26 56  -2  14 R OPER  
 16.18 44 -24   8 R HESCL  
 15.75 60   0   6 R OPER  
223 14.13 54  34   2 R IFG  
 13.72 52  26   6 R IFG  
 10.14 52  26  -4 R OFC  
133 13.64 -26 -22  70 L PREC  
 10.72 -18 -24  66 L PCL  
 10.23 -32 -32  66 L POSTC  
647 13.09 24 -36  56 R POSTC  
 12.7 14 -46  68 R POSTC  
 12 6 -38  76 R PCL  
116 12.8 36   8   4 R INS  
 11.7 30   2  -4 R PUT  
 9.35 20   8   0 R PALL  
121 11.83 -32 -46  54 L IPL  
 11.48 -24 -54  56 L SPL  
 10.24 -30 -60  58 L SPL  
141 10.59 -50  18  -2 L IFG  
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 10.54 -34  26 -10 L OFC  
 10.4 -40  24  -2 L IFG  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family-
wise error correction (FWE), p<0.005, with extent threshold of 30 voxels. 
 
Table A23: Significant Clusters and Corresponding Anatomical Regions for Group 
Differences between svPPA and Controls within SPT-Seeded RSFC 
Networks  
Cluster (in voxel) T Value x,y,z (MNI) Regions 
154 4.8367 -40 -20 -32 L ITG 
 4.5577 -32 -10 -30 L FUS 
 4.4096 -40 -26 -26 L ITG 
231 4.6621 -34 20 -28 L TP 
 4.399 -32 6 -32 L TP 
 3.9427 -26 6 -38 L TP 
385 -4.4846 -36 -54 -6 L FUS 
 -4.4517 -28 -54 12 L CALC 
 -4.0557 -32 -64 -2 L LG 
231 2.6674 -28 8 -36 L TP 
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses was calculated using a statistical threshold of p<0.005 (uncorrected), with 
an extent threshold of 30 voxels. 
 
Table A24: Significant Clusters and Corresponding Anatomical Regions for ATL-Seeded 
RSFC Networks in svPPA 
Cluster (in voxel) T Value x,y,z (MNI) Regions 
267 21.53 -50   6 -40 L ITG  
 12.21 -50  12 -32 L TP  
 8.72 -40  16 -42 L TP  
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses were corrected for multiple comparisons at the cluster level using family-
wise error correction (FWE), p<0.005, with extent threshold of 30 voxels. 
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Table A25: Significant Clusters and Corresponding Anatomical Regions for Group 
Differences between svPPA and Controls within ATL-Seeded RSFC 
Networks  
Cluster (in voxel) T Value x,y,z (MNI) Regions 
523 5.9254 12 -90 -2 R CALC 
 4.052 20 -80 16 R CALC 
 3.8802 24 -94 10 R OL 
592 5.5363 -50 26 16 L IFG 
 4.9278 -40 30 -10 L OFC 
 4.5581 -34 30 8 L IFG 
101 5.2057 -6 22 52 L SMA 
 3.4622 -6 12 54 L SMA 
 2.9319 -8 6 64 L SMA 
163 5.0683 60 -40 6 R MTG 
 3.3906 66 -32 6 R STG 
 3.3054 60 -50 12 R MTG 
109 5.0573 -60 -18 -4 L MTG 
 3.8029 -58 -10 -6 L MTG 
425 4.9862 18 -62 2 R LG 
 4.0833 12 -66 12 R CALC 
 3.8719 14 -42 6 R PREC 
404 4.8463 -6 44 20 L MED SFG 
 4.4245 -4 50 26 L MED SFG 
 3.8521 -4 48 36 L MED SFG 
498 4.7383 -58 -56 18 L MTG 
 4.5056 -64 -40 12 L STG 
 4.4465 -58 -40 6 L MTG 
100 4.5794 50 36 12 R IFG 
 3.6684 50 24 6 R IFG 
 2.9852 48 42 2 R IFG 
199 4.4891 -58 -8 12 L OPER 
 3.8184 -60 -18 10 L STG 
 3.4949 -54 -16 4 L STG 
171 4.4242 -18 -50 -10 L LG 
 4.0107 -16 -54 0 L LG 
 3.6405 -12 -50 10 L PREC 
230 4.4058 -20 -76 34 L OL 
 3.872 -4 -78 4 L LG 
 3.7745 -8 -78 12 L CALC 
162 4.3874 6 -16 44 R MID CING 
 3.9014 12 -12 40 R MID CING 
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Table A25 continued… 
 
 3.5015 -10 -14 42 L MID CING 
126 4.2928 36 -16 0 R PUT 
 3.8664 34 -12 -10 R HIPP 
 3.8181 20 -22 -2 R THAL 
443 4.2162 48 -18 42 R PREC 
 4.2093 34 -32 36 R POSTC 
 4.143 52 -10 62 R PREC 
109 4.2139 10 -12 72 R SMA 
 3.5645 10 0 72 R SMA 
 2.9742 20 -16 72 R SFG 
203 4.1159 -56 -16 44 L POSTC 
 3.8245 -54 -14 34 L POSTC 
 3.6624 -50 -24 46 L POSTC 
125 4.0922 -36 -62 -12 L FUS 
 4.0657 -46 -76 -14 L OL 
 3.1647 -46 -82 -6 L OL 
188 4.0644 38 -60 -48 R CER 
 3.9767 30 -58 -48 R CER 
 3.7396 42 -70 -46 R CER 
152 4.0269 38 24 -18 R OFC 
 3.9967 30 18 -30 R TP 
 3.2888 26 22 -24 R OFC 
Anatomical regions within significant clusters consist of 3 local maxima more than 8 mm 
apart. Analyses was calculated using a statistical threshold of p<0.005 (uncorrected), with 
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